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ABSTRACT

In this project. the chemical and electrochemical properties of the
bromoaluminate molten salt system were determined. With knowledge of the
bromide system, the chemical and electrochemical properties of the mixed
chloro-bromoaluminate molten salt system were determined, allowing
furiier woik on the applicability of these systems as electrolytes in
high density electrical storage devices.

Thez gualitative electrcchemical behavior of the bromide and chloride
systems were compared. The systems were found to behave similarly, but
the basic bromide system had two oxidative processes, compared to the
single process of the chloride system. The bromide system was also shown
to have a smaller electrochemical voltage window.

The fuuadamental electrochemical parameters of the bromide species
were determined for the basic bromide melt system. All of the
parameters, except the diffusion coefficients, compared well with the
literature values of the bromide species solvated in acetonitrile. The
ionic properties of the molten salt system were shown to effect the
diffusion coefficients of the bromide species, and are approximately Lo
orders of magnitude smaller in the melt than in acetonitrile.

The bromine formed by the oxidation of bromide was shown to react with
bromide to form tribromide. The rate and equilibrium constant of the
reaction were investigated and discussed. Although neither parameter was
explicitly determined, both should be considered when performing
electrochemical experiments in melts containing bromide.

Finally. a preliminary investigation of the mixed melt system was
performed. When MEIB or MEIC was added to a chloride or bromide melt
respectively, the expected results were obtained. It was observed,
however, that a minor addition of MEIB to a chloride melt dramatically
increased the peak current for the oxidation of the chloride. 27A1 NMR
showed the halides of the tetrahaloaluminate species were in exchange.
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CHAPTER 1
INTRODUCTION
History of Molten Sal:s

In Auguct 1948, Frank #. Hurley was awarded a patent for depositing
aluminum from a molten salt bath made from ethyl pyridinium bromide and

aluminum chloride.l This bath was unique because the molten salt was a
liquid at room temperature. In 1951. Hurley and Wier improved the
utility of the system by showing that not only aluminum, but a range of
other metals including silver, copper, nickel, lead, and iron could

efficientlv be plated from the bath.z For approximately the next fifteen
years, the electrochemical and physical properties of the bath were
studied, and the abilitv %o plate cut metals, which had been added, in
the form of a salt, to the bath, was improved.

In 1968, the Air Force, through the Air Force Office of Aerospace
Research (AFOAR). began to investigate the feasibility of using this type
of molten salt system as an eiectrolyte for high density energy storage

applications.3 In 1978, John C, Nardi, Charles L. Hussey, and Lowell A.
King developed a series of organic substrates including methyl-, ethyl-,
propyl-, and butylpyridinium chlorides and patented the use of molten

salts as battery electrolytes.4 There are several theoretical advantages
of using a molten salt instead of a conventional aqueous system as an
electrolyte.

Current molten salt systems are stable liquids over a much greater
temperature range than aqueous systems. Conditions demanded by the
military and encountered in space vary dramatically. Currently, military
specifications require equipment to operate from -40 to +74 °C. Lovell
Lawrence Jr., a space systems designer for the Mercury project,
indicates, the equipment on earth orbiting satellites must be able to

withstand temperatures ranging from -65 to +110 degrees centiqtade.5 It
is desirable to find a battery system which is operable in either
extreme. Depending on the composition of the molten salt, liquid ranges
from -90 to over +200 °C are possible. Compared to aqueous systems,
which are liquid from approximately -20 to +120 °C, it is apparent the
molten salt systems would be more appropriate than aqueous systems for
space and military applications.

Molten salt systems are comprised totally of ionic species.
Theoretically, all of the ious in a melt are capable of carrying a
portion of the current in a cell. In aqueous systems, the water
molecules, which are incapable of carrying current, are present only to
solvate the ions which do carry charge. The weight of the water is,
therefore, non-productive, and docreases the energy density of the cell.
Since the molten salt is completely ionic, it is theoretically capable of
obtaining a higher energy density than aqueous systems, making smaller
and lighter cells possible. This will, in turn, allow for the production




of smaller and lighter vehicles, which are inherently more energy
efficient.

Because water passivates aluminum electrodes, thereby decreasing the
efficiency of the electrode, aluminum electrodes are impractical for use
in aqueous battery systems. Lead is the principal battery electrode
material used in aqueous battery systems today. Since the molten salt
systems do not show a tendency to passivate aluminum electrodes, the
molten salt systems allow for the use of an aluminum couple at an
aluminum electrode. Changing to an aluminum electrode system will offer
dramatic weight savings, with all of the inherent benefits explained
above.

The use of aluminum as an electrode material not only increases the
energy density of a battery by decreasing the weight of the cell, but
also by increasing the theoretical power stored in the cell. The
standard electrode potential of aluminum is higher than that of lead.
This means the power inherent in an aluminum couple is greater than the
power of a lead couple, so the energy density of a cell using an aluminum
electrode will be greater than one using a lead electrode. By the same
argument, the power available from an aluminum couple is higher than that
available from a zinc couple, which is typically used in "dry cell”
energy storage systems.,

In 1981 the organic constituent of the molten salt was changed from
the substituted pyridinium bromide to a disubstituted imidazolium

chloride.6 Many of these systems were characterized, and it was found
that melts made from l-methyl-3-ethylimidazolium chloride (MEIC) and
aluminum chloride had the characteristics most suitable for use as an

electrolyte.7

History of Non-Aqueous Bromide Research

In the late 1950s, Alexander I. Popov and David H. Geske, published a
series of papers dealing with the electrochemistry of halogen and mixed
halogen systems. The sixteenth in this series investigated the

electrochemistry of bromide and mixed iodo-, and chloro-bromide

systems.a Since that time, the use of electrochemistry, as a means of
investigating non-aqueous bromide systems, has received considerable
attention.

It is possible to monitor the progress of bromination reactions in
organic chemistry by following the appearance or disappearance of the

bromide oxidation wave. Desbene-Monvernay et al.9 used electrochemistry
to observe the progress of the bromination of styrene with tribromide.
The concentration of bromide was followed by rotating disk voltammetry.
The limiting current of a species is proportional to the concentration of
the species. As the concentration of the bromide decreased, the limiting
currents also decreased until all of the bromide was consumed.

The fundamental work of Popov and Geske has also helped to illuminate
the electrochemistry occurring in the Zinc-Bromine battery systems. In
1987 Adanuvor et al. studied the effects of the reaction of bromine with
bromide to form tribromide on the electrochemical behavior of a bromine

11 . 12
electrode.lo Mastragostino et al. and Daniel J. Eustace  have studied
the effect of complexing the bromine on the electrochemistry of a
Zinc-Bromine battery.




Aralytical 2reblor Definiticn
The mo-t promising battery syctem to date, employing a molten salt
electrolyte, ndas been the use of a reversible aluminum electrode as the

. , 13
cathode 21d « reversible chlorine electrode as tha anode, Recent work
at F- aL« 7. Seiler Pesearch Labs; shows that molten salts made from MEIC
and ait:ninum chloride teud tr chlorinate the imidazolium catioa in the

. . 14 . .
pr2seice of chiorine ', acccrdi: 3 to the reaction:

Figure 1 shows the proton NMR of ap MEIC-aluminum chloride melt before
and after bubbling ch’rrive through it at elevated temperatures for
approximately 72 heurs. The peir Of siaglets at approximately 8 ppm,
which are due te the nrotons attached te the number 4 and 5 carbons,
disappears as a result of their being exchanged for chlorines. A singlet
sppears at approximately 13 ppm whicih is due to the HCl formed during the
chlorination reaction. The singlet at 10 ppm can be observed to break up
into a series of three singlets, corresponding to zero, one, and two
chlorine substitutisns. This series of three singlets coalesces back
into a singlet after the 4 and 5 positicis are completely chlorinated.
The absorbances due tc the twe methyls and the ethyl prstons are
split into higher multiplets upon chlorination. Through integration, it
is apparent the peak due to the proton in the 2 position (at 10 ppm) is
less than half of its original intensity. This indicates the imidazolium
ring is also chlorinating at the 2 position, albeit at a much slower rate.
The tendency of the imidazolium ring to chlorinate makes the use of
the chlorine-chloride couple, in an MEIC-AlCl,; melt electrolyte,
impractical. Previouc work at Seiler indicates the melts show no

tendency towards bromination.14 The molten salt formed by combining
l-methyl-3-ethylimidazolium bromide (MEIB) with aluminum bromide (AlBr,),
though, tends to decay, through a process involving the autooxidation of
bromide to tribromide, after several days. For these reasons it was
suggested the most promising system might be to solvate bromine (or
bromide) in an MEIC-AlCl,; melt. To understand this system, the
electrochenistry of the pure bromide system must be investigated. This
information will help to understand the slectrochemistry occurring in the
mixed chloro-bromoaluminate system and will pave the way for future
studies on the applicability of these systems as energy storage devices.
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Figure 1. lﬂ NMR of an N = 0.333 chloride melt A) before, and
B) after chlorination.




CHAPTER 2
CHEMICAL BACKGROUND

Synthesis and Purification of Starting Materials

Acetonitrile. All of the acstonitrile (Fisher, Certified Reagent)
used in these experiments was refluxed over anhydrous phosphorous
pentoxide for at least two days before use. Nitrogen, which had been
dried by passing through a "Dreirite" anhydrous calcium sulfate column,
was continually flushed over tue tcp of the still. The acetonitrile was
removed at the time of use.

l-methylimidazole. The l-methylimidazole (Fluka, Puriss) was vacuum
refluxed over anhydrous barium oxide for at least two days before
collecting by distillation.

l-methyl-3-ethylimidazolium bromide (MEIB). The
l-methyl-2-ethylimidazolium bromide was formed by the substitution
reaction:

220 mL of l-methylimidazole were combined with 250 mL of acetonitrile and
250 mL of ethyl bromide (J.T. Baker "Baker Analyzed”) in a 2 liter round
bottom flask. A Teflon stir bar was added@ to the reaction vessel and a
condeuser with a drying tube at the top was put on the reaction flask.
The mixture was cooled with an ice bath for approximately 8 hours, to
slow the reaction down, and then refluxed for four days while stirring.
500 mL of ethyl acetate (J.T. Baker, "Baker Analyzed" HPLC grade)
were added to the reaction mixture and the flask was shaken continuously
until all of the MEIB was recrystollized The mother liquor was forced
off through a glass tube by applying & pressure of nitrogen which had
been dried with a “Dreirite” column. The MEIB was dissolved in 250 mL of
acetonitrile and recrystallized with ethyl acetate, as above, for a total
of five times. The resulting MEIB was washed with ethyl acetate a final
time and dried under high vacuum for approximately 12 hours. The
reaction flask was taken into the dry box, and the MEIB was transferred




to a brown glass bottle which had been dried for at least 12 hours and
put into the dry box while still hot.

Since the recrystallization scheme does not remove any unreacted
l-methylimidazole, care was taken to allow the reaction to go to
completion. The purity of the MEIB was determined by two methods.

Figure 2 shows the }H NMR of a solution containing approximately equal
parts of MEIB and l-methylimidazole. The singlet at 3.7 ppm, the doublet
centered at 7.0 ppm, and the singlet at 7.6 ppm are due to the
l-methylimidazole. The presence of protonic impurity (typically due to
insufficient care being taken during the preparation of the MEIB, or
through the absorption of water from the atmosphere of the dry box), in a
melt made with the MEIB, was determined electrochemically. The cyclic
voltammogram (CV) of a neutral or basic melt, which contained any
protonic impurity, would show an irreversible reduction wave at
approximately +0.100 V on a platinum electrode, when referenced against a
chloride reference cell. The CV of a neutral bromide melt, containing
protonic impurity, is shown in Figure 2. If there was any question
whether the wave was due to the reduction of the proton, a CV of the same
melt was run on a glassy carbon working electrode. Since a very high
over potential is required to reduce protons at a glassy carbon
electrode, the wave would disappear. Contaminated MEIC was removed from
the dry box and recrystallized as described above.

l-methyl-3-ethylimidazolium chloride (MEIC). The MEIC was prepared

by a modification of the method described by Levisky and Wilkes.l's 220
mL of l-methylimidazole were combined with 200 mL of acetonitrile in a
750 mL pressure vessel. 250 mL of ethyl chloride were added to the
solution by passing the ethyl chloride gas through a dry ice-isopropyl
alcohol gas condenser. A stir bar was added to the reaction mixture and
the vessel was sealed with a green neoprene stopper which was clamped in
with a stopcock puller. The reaction mixture was warmed very gently on a
hot plate while stirring. A blast shield was immediately placed around
the reaction vessel and caution was exercised at all times due to the
relatively high pressures involved. The reaction was allowed to proceed
for two weeks. The reaction flask was removed from the hot plate, placed
in an ice bath, and allowed to cool for approximately half an hour. The
stopper was carefully removed from the reaction vessel, and the reaction
mixture was transferred to a 2 liter round bottom flask, while streaming
dry nitrogen over the mixture. The MEIC was purified and stored in the
same method as described above for MEIB.

Aluminum bromide. The aluminum bromide was purified by
distillation. A thirteen inch long, thick wall, glass tube, with a one
inch inside diameter, was sealed on one end and a male 19/20 ground glass
joint was put onto the other. Ten, three inch, aluminum wires, 1 mm in
diameter, (Alfa Products, 99.999%) were put in the tube. 100 grams of
aluminum bromide (Alpha, 98%) and 0.5 gram of sodium bromide were added
to the tube. A gas inlet valve connected to a female 19/20 ground glass
joint was used to seal the tube. The tube assembly was removed from the
dry box and a vacuum was applied for fifteen minutes. The tube was flame
sealed while still under a vacuum and annealed in an annealing furnace.

The cooled tube was hung vertically in a tube furnace which had a
temperature gradient with the bottom of the furnace at 220 °C and the top
at room temperature. All of the aluminum bromide was allowed to become
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A) 'H NMR of MEIZ. and B) CV of an N = 0.500 bromide




and remain molten for six hours. The tube was withdrawn from the tube
furnace at a rate of approximately half an inch a week. The purified
aluminum bromide condensed at the top ot rhe tube, while the impurities
remained at the bottom, as the tube was withdrawn.

The cooled tube was wrapped with aluminum foil and strapping tape in
order to minimize the dissociation caused by ultraviolet light. When
needed, the tubes were brought into the dry box, all of the tape and
aluminum foil was removed, the tubes were scored on each end, wrapped in
a cloth towel, and broken open. The aluminum bromide was collected and
stored in a brown glass bottle wnich had becn dried in the drying oven
for 12 hours and transferred to the dry box while still hot.

During the later stages of the research, the aluminum bromide was
purified by vacuum sublimation. The sublimation was done outside of the
dry box, and after completion, the sublimator was brought into the dry
box, where the purified aluminum bromide was collected. The aluminum
bromide was sublimed three times before use. No discernible difference
was observed between the aluminum bromide purified »y distillation and
that purified by sublimation.

Aluminum chioride. Aluminum chloride (Fluka, Puriss) was purified
and stored as the aluminum bromide was above, except sodium chloride was
substituted for sodium bromide, and the sealed tube was withdrawn from
the tube furnace at a rate of approximately an inch an hour. The tube
was not wrapped with aluminum foil and strapping tape, since the aluminum
chloride showed no tendency to photodissociate.

Tetramethylammonium bromide. The tetramethylammonium bromide (J.T.
Baker, Reagent grade) was recrystailized from 95% ethyl alcohol three
times.

Tetramethylammonium tribromide. The tetramethylammonium tribromide

was prepared by the method described by Chattaway and Hoyle.16 Nine
grams of tetramethylammonium bromide were dissolved in 60 mL of 95% ethyl
alcohol. Three mL (9.2 grams) of bromine were added to the solution, and
the mixture was boiled down to a volume of approximately 25 mL. The
mixture was allowed to cool, and the product was collected by vacuum
filtration. The orange needle-like crystals were recrystallized from 25
mL of ethyl alcohol which had been saturated with bromine. This
recrystallization procedure was repeated a total of three times. The
melting point of the purified product was 119-120 °C, which compares well

with the literature value of 118-119 °C.17 The resulting product was
analyzed by spectrophotometry.

The UV-VIS spectra of the reaction product, bromine, and the
tetramethylammonium bromide, as well as a mixture of bromine and the
reaction product, were taken with methylene chloride as a solvent. All
of the solutions were prepared immediately before the spectra were taken
to minimize any dissociation which might occur. These spectra are shown
in Pigqure 3. The spectra of the product compared well with the spectra

attributed by Buckles et al. to the tribromide anion.

Molten Salt Definitions
When the MEIB and the AlBr,; are mixed, a set of dissolution reactions

occur. As aluminum bromide is added to the MEIBR, the MEIB is solvated
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and the reaction:
AlBrj + Br™ + MEI* -— AlBrg~ + MEI*

occurs. As more aluminum bromide is added, all of the bromide is
consumed, and the aluminum bromide begins to react with the
tetrabromoaluminate by the reaction:

AlBr,~ + AlBry — Al,Br,"~

No unreacted aluminum bromide is present in any melt composition, so a
term, called the apparent Mole fraction of aluminum bromide (N), is
introduced. The acid-base properties of the system are usually described
by the reaction:

Al,Br;~ &+ Br~ — 2 AlBr,~

In a method completely analogous to the chloride system,u where the
anionic make up of the melt was calculated assuming the association
reactions listed above proceed completely to the right. Fiqure 4 shows
the anionic composition of the melt as a function of the apparent mole
fraction of aluminum bromide. For the chloride system, the equilibrium
constant of the acid-base reaction was found to be approximately 1016 13,
which suggests the previous assumption is justified. Although the
formation constant of the AlBr,~ was not determined in this work, bromo-
aluminate molten salts will be assumed to behave in a similar manner.

There are three compositions of particular interest in the working
range (0.33 ¢ N ¢ 0.66) of a melt made from MEIB and aluminum bromide.

At an apparent mole fraction equal to 0.33, the bromide and the
tetrabromoaluminate are present in equal concentrations. At an apparent
mole fraction equal to 0.50 the only anionic species present is the
tetrabromoaluminate. At N = 0.66 the only anionic species present is the
heptabromoaluminate. This allows for the selection of the species
present and their concentration in any melt, by changing the amount of
the inorganic salt added to the melt.

Two distinct regions, in the working range of the melts, are apparent
from the composition diagram of the MEIB-aluminum bromide molten salt
system, shown in Figure 4. Any melt with an apparent mole fraction of
aluminum bromide less than 0.50 is called a "basic” melt. In these
melts, the bromide ion acts as a Lewis base. Any melt with an apparent
mole fraction of aluminum bromide greater than 0.50 is said to be an
“acidic” melt, because the heptabromoaluminate acts as a Lewis acid. A
melt with an apparent mole fraction equal to 0.50 is called a "neutral™
melt because it lacks the Lewis base, bromide, and the Lewis acid,
heptabromoaluminate.

In the pure melt systems, a melt made from MEIB and aluminum bromide
is called a bromide melit. A melt made from aluminum chloride and MEIC is
called a chloride melt. In the mixed melt systems, all of the fractions
will be referenced to the amount of the chloride melt present.

Synthesis of the Molten Salts
A melt is made by slowly adding the appropriate amount of the
inorganic salt to a known amount of the organic salt. Since the




11

‘wa3sAs 3jaw apiwoaq eyl jo weiberp uorytsodwoo ojuoyuy

‘igiv NOI1LOVYHI ITOW

90 S0 bo £0 20 1o e.w 0
| | >_+ | | | | 1 1 | | % vV
vV —
A + oV
+ v .
A Vv 20
gty + v’ g 1 3
v m
+ v o
VA + v e >
+ v o0
4 - A
Av vV o+ o
v + — 90~
v + N W
v \% + - =
v + 2
v + g |
v + +>+\ 80
v v ‘., -
ty
v.v
Y W DY T N SR N N S N N

0}

*y aanbiy




12

resulting dissolution reazcioas ace nighly exothermic, approximately 0.20
gram increments of the inoryanic salt were aided, and the mixture was
allowed to coul between addit.sns.

It was :ouand that, unlike the rchlocide system, the Jdissolution
reactions in tne bromide melt are appreciably slow. Figure 5A shows the
cyclic voltamnngram which resulted from a nromide melt which was
"titrated" to neutrality ia a method i1vilogous “o that described by
Lipsztajn and Osteryo;mq.:0 The IV was taken approximately thirty
minutes after the initial .ddition of alumi.um bSromide to the MEIB.
Figure 5B shows the CV nf the same melt 2. nigutes later. The cyclic
voltammogram of the melt which resulied from adding enough MEIB to this
supposedly neutral bromide melt to thenretically result in a melt with an
apparent aluminum bromide mole fraction of 0.490 is shown in Figure 5C.
This CV was taken approximately 25 minutes after the initial CV was
taken. The melt was alluowed tc stand for rwenty hours and another CV was
taken. This CV is shown in Figure 5D. Tne melt was '"retitrated” to
neutrality and ennugh MEIZ was again added to the melt to obtain an N =
0.490 melt. The CV of this rasul%ing melt is shown in Figure SE.

The reduction wave, which appears in Figure 5B, continued to grow
until it became the cathcdic limit of the melt. The decrease in the
electrochemical voltage window, and the decrease in the magnitude of the
oxidation waves as tim2 progressed indirate « slow acquisition of
equilibrium conditions. This indicates either the reaction:

MEIB —— MEI' : Br-~

or the reaction:
AlBry + Br- - Al3c,"

must be appreciably slow. No attempt wal made to guantify the time
required to reach equilibriun, other than to insucre equilibrium was
reached by allowing the melt tc stand for twenty hours.

Bromide melts were also observed to degrode over time. Several hours
after a bromide meit was made, it started to turn a distinctive brown
color, commonly associated with bromine or tribromide species. The color
became darker as time progressed, and after several days, the melt
appeared black. No electrochemical censequence of the color was
observed, but to insure knowledge of the system, the melts were not used
after severe discoloration occurred.

Because of the slow kinetics and the problems with degradation of the
melts, a routine was developed for working with the bromide melts. Melts
were made as close to N = 0.50 as possible without "titration", and
allowed to remain at 60 °C overnight. The melts were "titrated" to
neutrality, as determined by cyclic voltammetry, and the amount of MEIB
or AlBr; needed to make the desired melt was added to the neutral melt.
The relatively small additions of MEIR and AlBr,;, needed to make the
desired melt composition, did not make . noticeable difference in the CVs
over time.

The melts were used for uno more than three days before being
discarded. The discarded melts were destroyea by hydrolysis. The melts
were removed from the dry hkux and sicwliy added to an excess amount of
ice. Once the melt was complete!, hydrolyzed, 1t was washed down the
drain.
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Physical Properties

The electrochemical properties of a species are seriously affected by
the physical properties of the material in which it is solvated. The
rate at wnich ions are transoorted to the electrode double layer affects
the observed cell currents and potentials. The rate a species diffuses
through a solvent is affected by the viscosity of the solvent. Also, the
densities were required to calculate the concentrations of the species.

The physical properties of the chloride molten salt system were

: . 21 . :
determined by Fannin et al. ~, and Hussey et al. determined the physical

. . 22, 23 . e
properties of the bromide system. The phase diagrams, densities,

and viscosities of the two systems are presented and compared below.

Phase diagrams. The phase diagrams of the chloride and bromide melt
systems are shown in Figure 6. Although the bromide system consistently
melts 20 - 30 degrees higher than the chloride system, it is still
properly called a4 room temperature molten salt. Both, the bromide and
chloride molten salt systems show a distinct dystectic point at N =
0.500. Both systems also have several compositions which became glasses
instead of freezing. These glassy transitions were reproducible and were
never made to freeze.

Densities. The densities of several chloride and bromide melt
compositions are shown in Figure 7 as a function of temperature. The
densities of the bromide melts were fitted to the equation:

p=a+bT (1)

where T is the temperature in degrees Celsius. The coefficients, a and
b, were expanded to tha form:

2 3
a = ag + alH + a,N" + a3N (2)

and:

3
b = by + byN « bN° + byN (3)

The values for the coefficients are given in Table 1.

Viscosities. The viscosities of several melt compositions as a
function of inverse temperature are shown in Figure 8. Neither the
chloride nor the bromide systems exhibited Arrhenius behavior, but the
kinematic viscosity of both systems followed the Vogel-Tammann-Fulcher
(VIF) relationship. The kinematic viscosities of the bromide system were
fitted to the equation:

Inn = K/(T-Tg) + 1/2 1n T + 1ln A (4)

where T is the absolute temperature. The parameters K, T,;, and A were
fitted by linear regression to the equation:

£ = cg « ;N +» c,N2 + c,N? (5)
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TABLE 1 - Density Coefficients for Equations 1-3.

0.30 < N ¢ 0.50

X ay by

0 1.0588 1.2907 x 1073
1 3.8594 -1.0448 x 10™2
2 -2,8945 1.1519 x 10™2
3 0.0000 0.0000

0.50 ¢ N ¢ 0.75

x ay b,

o -5.8410 1.7946 x 10~2
1 3.7009 x 10} -9,.0089 x 102
2 ~-5.6829 x 10! 1.4121 x 107!
3 3.0474 x 10! -7.4099 x 102

Table 2- Viscosity Coefficients for Equations 4-6.

0.35 ¢ N ¢ 0.50

Co <y

C2 C3

To| -4.0191 x 101 1.9867 x 10°%
K 3.3582 x 103 | -2.0888 x 104
in A | -2.8631 x 10! 1.8526 x 102

-4.5374 x 103 2.4562 x 10?
4.8630 x 104 -3.3051 x 104
-4.4919 x 102 3.4788 x 102

0.50 ¢ N ¢ 0.75

l Co c: C3
T, -8.8020 x 102 1.3485 x 103 -4,2335 x 102
K 9.3588 x 10? -1.1072 x 10* 3.4117 x 109

ln A | -3.2068 x 10} 3.5633 x 10! -1.0983 x 10!

16
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for melts with compositions greater than 0.30 and less than or equal to
0.50, and:

£ = co + €1 /N + c /N2 (6)

for melts with compositions between 0.50 and 0.75. The values of the
coefficients are given in Table 2.

Summary. In the chloroaluminate molten salt system, the typical
working composition range is dictated by where the system forms a
homogeneous liquid at room temperature (0.333 ¢ N ¢ 0.667). Since the
bromoaluminate system requires only a slightly elevated temperature to
become liquid throughout the same range, the same range will be studied.

As mentioned in the discussion of the anionic composition diagram,
the working range of the molten salts can be divided into three unique
systems. These regions have been termed "basic", 'neutral"”, and "acidic”
depending on the composition of the melt.

The non-Arrhenius behavior exhibited by the viscosities is an
indication of the nonideality of the molten salt systems. The
nonidealiiy affects, and must be taken into account when determining,
many of the electrochemical properties of the molten salt system.

Figure 9A shows a plot of the density coefficients as a function of
the composition of the melt. Figure 9B shows a plot of the natural log
of the absolute viscosity as a function of the melt composition. The
phase diagram, as well as the plots shown in Figure 9, shows a distinct
break at N = 0.500 giving support to the concept of unique physical, and
thus electrochemical, behavior in each region. Subsequent analysis of
the bromide melts will take advantage of this behavior.
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CHAPTER 3
ELZCTROCHEMICAL BACKGROUND

Description of Appava‘us

All of the electrochemical experiments were performed in a Vacuum
Atmospheres dry box filled with an atmosphere of ultra high purity (UHP)
grade helium. The atmosphere in the dry box had a combined water., oxygen
zecncantration of no more thar 19 ppm. Oxygen and water were continually
scavenged by passing the atmosphere through a commercial drying train.

The drying train was filled with molecular sieves to absorb the
water, and the oxygen was reduced onto a bed of copper impregnated
ceramic beads called "Ridox". The drying train was regenerated by
heating and passing a mixture of 90% nitrogen and 10% hydrogen through
it. The absorbed water is driven off by the heat, and the reduced oxygen
combines with the hydrogen to form water, which is also driven off. The
dry box had a set of two dry trains one of which was either being
regenerated or was ready for use while the other was being used.

The drying trains are supposed to last indefinitely, but during the
course of the experiments it was found the quality of the atmosphere
inside the boxes degraded faster than expected. The use of bromine (or
bromide, which will auto-oxidize to form bromine) poisons the molecular
sieves and the Ridox in the drying train. When this point is reached,
the only course of action ic to change out the molecular sieves and the
Ridox. Once this was discovered, care was taken to minimize the use of
free bromine in the boxes. The Vacuum Atmospheres manual suggests
placing a condenser in the circulation line in front of the drying
trains. This has not been done yet so no comment on the effects of this
idea can be made.

A light bulb which had a hole punched in the glass envelope was used
to indicate the quality of the atmosphere inside the dry box. Any time
the light bulb filament lasted for less than a week, the dry box was
switched over to the unused dry train and the old dry train was
regenerated. The identity of the contaminant in the dry box could be
roughly determined by the color of the residue left on the glass of the
bulb when it burned out. A bluish film results from a high water
concentration, due to the formation of WO3. A white to yellowish film is
formed when there is 1 high conc.ntration of oxygen from the formation of
W,05.

Access was provided to the dry box through a port which was held
under a vacuum for fifteen minutes and tnen refilled with the atmosphere
from inside ¢f the box. This procedure was repeated three times. This
process countinually removes the atmosphere from inside the box, and any
chance impuri*ies, and replaces it with the UH? helium from the tank.

All of the 2lectrochemical experiments were performed with a
Princeton Applied Research (PAR) maodel 173 potentiostat/galvanostat
2quipped with a PAR model 179 coulometer plug-in module. Any potential
or current programming was provided by a PAR model 175 programmer. All
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of the potentials were monitored on a DANA model 5330 digital voltmeter.
The working electrodes were mounted in a Pine MSR electrode rotator. Any
scans taken at less than a volt a second were recorded on a Houston
Instruments Model 2000 Omnigraphic X-Y recorder. Any scans at a volt a
second or greater were fed into a Nicolet model 204A storage oscilloscope
and then output to the Omnigraphic recorder. All of the CVs presented in
this work were acquired by initially scanning in the anodic direction.

Since not all compositions of the bromide melts are liquid at room
temperature, a block heater was used to heat the melts. Temperatures
were monitored with a Doric model 412A Trendicator, using a type K
(Chromel-Alumel) thermocouple.

All of the N.M.R. spectra were run on a JEOL 90Q FTNMR. All of the
molten salts were run neat. All of the proton and carbon spectra were
referenced against a sealed glass capillary containing
hexamethyldisiloxane (HMDS). The capillary caused a minor degree of line
broadening and some small spinning sidebands, but the spectra were all
usable. No reference was used in the aluminum spectra.

All of the UV-VIS spectra were run on a Hewlett Packard model 8450A
Diode Array Spectrophotometer. Unless otherwise stated all of the
samples were solvated in dry acetonitrile. All of the spectra were run
in 10 mm quartz cells.

Conventions

Except where otherwise noted, Electrochemical Society conventions
have been used throughout these experiments. Figure 10 represents these
conventions. Potentials become more negative to the right, and reductive
processes become favored. These potentials are termed "cathodic".
Currents resulting from a reduction process are shown as positive and
above the horizontal axis (typically, quadrant 1). Positive potentials,
which are called "anodic"” potentials, are to the left, and favor
oxidative processes. Oxidative currents are negative and towards the
bottom of the graph (typically, quadrant 3).

Reference Electrodes

The purpose of a reference electrode is to provide a stable potential
to which the potential of the working electrode is compared. Any
reference electrode must have a migration of ions, and thus material,
across the interface between the reference electrode material and the
analyte solution.

To date, in the chloride molten salt systems, the standard reference
electrode used has been an aluminum wire in an N = 0.600 chloride melt.
The reference couple is thus the reduction of the heptachloroaluminate by
the half reaction:

4 Al,C1;” + 3 e~ — Al°(g) + 7 AlCl,"

A fine asbestos fiber separated the reference compartment from the sample
compartment. Any chloride melt which crossed the interface merely
altered the apparent mole fraction of aluminum chloride in the chloride
melt being studied. Any chloride melt which would cross the interface to
a bromide melt, though, would contaminate the bromide melt, with chloride
containing species.

Although a bromide reference would not cause contamination of the
bromide melts, the bromide melts suffer from thermal- and
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Reductions
“Cathodic”

Figqure 10.

Oxidations
“Anodic”

Electrochemical coanventions and nomenclature.
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photo-decomposition. The change in the composition of the reference
electrode caused by the decomposition could result in a drift in the
potential of the reference electrode over time.

In an attempt to detect any leakage from the reference electrodes, a
background cyc'ic voltammogram, referenced against a chloride reference
electrode, of an acetonitrile solution containing tetraethylammonium
perchlorate (TEAP) as a supporting electrolyte was taken. The CV of this
electrolyte solutiuvn is shown in Figure 11A. Allowing the reference
electrodes to remain in this solution for six hours did not noticeably
alter the CV. Since the reference electrode was removed from a melt when
an experiment was not in progress, during the lifetime of a melt, the
reference electrode would not remain in a melt for more than a total of
six hours.

To facilitate relating potentials referenced against the chloride and
bromide electrodes back to more common reference systems, the potentials
for the reduction of ferrocene, in an acetonitrile sclution containing
TEAP as a supporting electrolyte, against the chloride and bromide
reference cells was determined. Figure 11B shows the CV of the ferrocene
system against the bromide electrode, and Figure 11C shows the CV of the
ferrocene against the chloride system. The bromide reference cell is
0.018 volts cathodic, and the chloride cell is 0.069 volts anodic of the
normal hydrogen electrode (NHE).

Both reference electrodes seem to be comparable. Neither noticeably
contaminated the acetonitrile/TEAP solutions and the voltages read
against these electrodes were comparable. The chloride reference cell
was used throughout the rest of the experiments, because it would allow a
direct comparison to a wider range of previous work, and would avoid
problems with an unsteady reference potential due to the degradation of
the bromide melt. In order to minimize any possible contamination
problem, care was taken to minimize the flow across the interface by
using the smallest asbestos fiber possible and minimizing the pressure
head of the melt in the reference cell.

Working Electrodes

Figure 12 shows the CVs of an N = 0.490 bromide melt on glassy
carbon, tungsten, and platinum working electrodes respectively. The
glassy carbon and tungsten electrodes show very broad oxidation waves.
This indicates the oxidative couples have a higher degree of
electrochemical irreversibility on these electrode materials. On the
platinum electrode, however, the couples are much more distinct,
indicating a relatively minor degree of irreversibility. Platinum also
tends to show the reduction of any protonic impurities which may be
present. Because protonic impurities are the major source of
contamination of the molten salt systems, the use of platinum will allow
for the continual monitoring of the purity of the melts. For these
reasons, it was decided to use platinum through out the rest of the
experiments.
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Figure 11. CV nof A) acetonitrile with a TEAP as a supporting
electrolyte, B) ferrocene in acetonitrile using a chloride
refer2nce electrode, and C) ferrocene in actonitrile using a
bromide reference electrode.
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Figure 12. CV of an N = 0.480 bromide melt on a A) glassy
carbon, B) tungsten., and C) platinum electrode.
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CHAPTER 4

DETERMINATION OF FUNDAMENTAL
ELECTROCHEMICAL PARAMETERS

CV of Selected Melt Compositions

An electrochemist's primary method of gaining a preliminary
understanding of an electrochemical system is by a technique called
cyclic voltammetry (CV). With the information obtained with cyclic
voltammetry, an electrochemist can develop other experiments to further
investigate the system. As noted in the discussion of the composition
diagram, there are several compositions of the molten salt systems, that
have relatively simple compositions. These compositions were analyzed
initially in an attempt to understand the more complex compositions. The
CVs of the chloride and bromide molten salts are shown for comparison,
but the discussion is limited to the bromide system.

Neutral melts. The only species present in a neutral bromide melt
are the tetrabromoaluminate and the imidazolium cation. The CVs of a
neutral bromide and a neutral chloride melt are shown in Figure 13. As
can be seen there are no oxidative or reductive processes, of import,
occurring other than at the electrochemical limits of the melts. As the
concentration of the tetrabromoaluwninate is decreased, by adding more
aluminum bromide, the anodic limit shifts cathodic, and the cathodic
limit remains stable. The anodic limit of the bromide melt occurs at
+1.725 V and the cathcdic limit occurs at -0.885 V when referenced
against the chloride reference electrode.

The dependence of the anodic limit on the concentration of the
tetrabromoaluminate indicates the anodic limit is due to the oxidation of
some form of the tetrabromoaluminate. The half reaction ascribed to this
process is:

4 AlBry,~ —* Al,Br;” + Br, + 2 e~

This proposal is supported by high scan rate CV experiments. Figure
14 shows the CV of a neutral melt with the potential scanned at both high
and moderate rates. A%t the moderate scan rate, no waves are observed
other than the melt limits. As the scan rate is increased, a reduction
wave, and the associated reoxidation waves, are observed. The longer the
potential is held at a value greater than the anodic limit, the larger
the reduction wave occurring at +0.175 V, and the reoxidation waves
occurring at +0.425 and +1.075 volts, versus the chloride reference
electrode, become. The reduction wave shows the same characteristics
attributed to the reducticn of the heptabromoaluminate discussed in the
section on slightly acidic melts below.

As the potential enters the anodic melt limit, the oxidation dictated
by the above half reaction occurs. At moderate scan rates, the
heptabromoaluminate completely diffuses away from the electrode surface
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Figure 14. The CY of a peutral bromide melt at A) SO mv/sec, and
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before a potential sufficiently cathodic enough to reduce the
heptabromoaluminate is reached. At higher scan rates, the
heptabromoaluminate does not completely diffuse away from the electrode
surface. Since the heptabromoaluminate is still in the vicinity of the
electrode, it will be reduced when a sufficiently cathodic potential is
reached. The aluminum is plated out onto the electrode and subsequently
reoxidized, as discussed below.

The cathodic limit is independent of the concentration of the
tetrabromoaluminate. Since the only other species present is the
imidazolium cation, the cathodic limit must be due to the reduction of
the organic cation. No reoxidation of the products formed in the
reduction of the imidazolium cation is seen. This indicates an
electrochemically irreversible reaction as is usually seen in the
destruction of an organic substrate.

Slightly acidic melts. As aluminum bromide is added to a melt, the
melt becomes more acidic. In a neutral or an acidic melt, such an
addition will cause the concentration of tetrabromoaluminate to decrease
and the concentration of heptabromoaluminate to increase. The species
present in an N = 0.510 bromide melt are the same as those present in the
neutral melt plus a relatively minor concentration of the
heptabromoaluminate. The CVs of an N = 0.510 bromide and N = 0.510
chloride melt are shown in Figure 15, The CV appears the same as that
for a neutral melt, but with the addition of a reductive process
occurring at +0.235 volts, and the reoxidations occurring at +0.350 and
+0.670 volts vs. the chloride reference electrode. The limits occur at
the same potentials and are ascribed to the same processes as for the
neutral melt.

The peak current of the redox couple increases as the concentration
of the heptabromoaluminate increases, indicating the couple is due to
some form of the heptabromoaluminate. The reduction wave has a
characteristic sharp break at the base line which is commonly associated
with a nucleation process occurring prior to the deposition of a metal.
The reoxidation wave does not follow a typical square root of time decay
relationship. The sharp decay indicates a process which is either
passivating the electrode surface, or is not diffusion controlled. The
combination of these two observations argues that as in the chloride
system, this redox couple is the result of the half reaction:

4 Al,Bry;” + 3 e- — A1°(s) + 7 AlBr,~

Two oxidation waves are observed. Both are due to the reoxidation of
the deposited aluminum off of the electrode surface. The initial wave is
due to the oxidation of aluminum off of the electrode which is deposited
on top of a aluminum monolayer. The second oxidation wave results from
the oxidation of the aluminum which is plated (or bound) to the platinum
surface of the electrode. It is easier to oxidize aluminum off of
aluminum than if is to oxidize aluminum off of platinum.

Fully acidic melts. As the concentration of the heptabromoaluminate
is increased, the peak current, due to the reduction of the
heptabromoaluminate increases until it becomes the melt limit. This
cathodic limit occurs at +0.250 V vs. the chloride reference electrode.
An N = 0.667 chloride melt and an N = 0.667 bromide melt are shown in
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Figure 15. CV of an N = 0.510 A) chloride, and B) bromide melt.
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Figure 16. Since there is no longer any tetrabromoaluminate present in
the melt, the anodic limit becomes the oxidation of the
heptabromoaluminate. The anodic limit occurs at approximately +1.930 V
vs. the chloride reference electrode. The half reaction of this
oxidation process is:

2 Al,Br;- — 2 Al,Brg + Br, + 2 e~

Slightly basic melts. As the concentration of bromide is increased,
by adding MEIB to a neutral melt, two redox couples begin to appear.
Figure 17 shows the CVs of an N = 0.490 chloride melt and an N = 0.490
bromide melt. Figure 18 shows peak potentials and currents as a function
of the bromide concentration in the melt. The peak potentials shift
anodic as the concentration of bromide increases.

The peak currents increase linearly with respect to the bromide
concentration indicating the oxidative processes are due to some form of
the bromide ion. The fact the currents do not pass through the origin,
in Figure 18, is probably due to the presence of a small amount of
protonic impurity which will react with the tetrabromoaluminate and the
bromide, thereby decreasing the effective aluminum bromide concentration.

The only species present in a bromide melt are the
heptabromoaluminate, tetrabromoaluminate, and bromide anions, and the
imidazolium cation. If the oxidation waves were due to some form of the
heptabromoaluminate, these waves would also be present in the CV of an
acidic melt. If the waves were due to oxidation of the
tetrabromcaluminate, they would also be seen in the neutral and acidic
melts, If the waves were due to the oxidation of the imidazolium cation,
they would be present at all times, because the imidazolium cation is
present in all melt compositions. For these reasons it was decided the
two oxidation waves must be due to some form of the bromide ion.

Fully basic melts. As the concentration of the bromide is increased
further, the point is finally reached where the first oxidation wave
becomes the anodic limit. Fiqure 1Y shows the CVs of an N = 0.333
chloride and an N = 0.333 bromide melt. The cathodic limit, as in a
neutral melt, is the irreversible reduction of the imidazolium cation.

The anodic limit of the fully basic bromide melt occurs at +0.41 V and
the cathodic limit occurs at -1.70 V vs. the chloride reference electrode.

Melt summary. The neutral and acidic bromide melts have been shown
to behave electrochemically in a manner completely analogous to the
chloride system. The basic bromide system, though, has two oxidative
processes, other than the anodic limit, occurring. All of the evidence,
both positive and negative, indicates the oxidation waves present in the
basic bromide melt system are due to some form of the bromide anion.

While Popov and Geske ' have attributed the first of these waves to
the oxidation of the bromide to tribromide and the second to the
oxidation of the resulting tribromide to bromine, molten salt systems are
different enough from typical solvent systems to necessitate the
verification of these assignments. The rest of this portion of this
project is aimed at, first, verifying these assignments in the molten
salt system, and second, determining the electrochemical properties of
the bromide species in the basic melts.
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Figure 17. CV of an N = 0.490 A) chloride, and B) bromide melt.
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Formal Electrode Potentials

The potent:>l, halfway between the cathcdic and anodic peak
potentials of 2 process, is called the conditional or formal electrode
potential (E°') of the process. Th2 formal electrode potential is
defined in a manner unique from the standerd electrode potential in order
to account for any possible solvent interactions. The standard electrode
potentials which are found in most tables are usually derived using
thoemndynamic comcidevarian- Purna-iment=1lv, it is usually not possible
to obtaian conditions such as activity ccetficients of uanity. This non
ideality of the expsrimestal conditions can drastically affect the
electrochemical properties orf a species.

The potertials, halfway b2tween the anodic and cathodic peak
potantials, for bo.h of the processes are shown as a function of the
square root of the swaep .ate in ¥Figure 20. The poteatial for the first
wave is not dependent cu the sweep rate. The formal electrode potential
for the first oxidative process is 0.684 volis versus the chloride
reference cell.

For the second wave, tlhe potential halfway between the cathodic and
anodic peak potential is depeudent on the swveep rate. This occurs
because of an unaqual dependence of the anodic and :athodic peak
potentials, of the second wove, on tile sweep rate. In order to account
for this dependence on the sweep rate, the potential was extrapolated
back to a sweep raiLe ~f 0. This resulted in a value of +1.01 volts for
the formal electrcde potential for the seconé wave,

Number of Electrons Transferred

Knowledge of the species involved in an electrochemical process
combined with a knowledge of the number of electrons transferred, per mol
of the species, often enables the identification of the process. Cyclic
voltammetry indicated the two oxidation waves in a basic bromide melt are
due to some form of the bromide ion. The processes occurring in the
basic bromide melts can be identified if the number of electrons
transferred in each process can be determined.

When the hetercgeneous rate constant (the rate at which electrons are
transferred from the electrode surface tcu the analyte solution) is not
facile, the system is said to be electrochemically irreversible. The
degree of electrochemical reversibility can range from completely
reversible to completely irreversible, with an intermediate degree being
called an electrochemically quasi-reversible system,

The waves of an electrochemically irreversible process appear very
broad and spread ocut, and are apparent by visual inspection. While
harder to detect than the irr:versikle case, an electrochemically
quasi-reversible system can ke distinguished from an electrochemically
reversible one by observing the oxidation and reduction potentials of a
coupie as a function of the :rate at which the potential is varied.

Unlike a reversible system, the peak potantials of a wave, in a
quasi-reversible system, will shift as a function of the sweep rate.

Figure 21 shows the cyclic voltammogram of an N = 0.490 bromide melt
at various sweep rates. The potentials of the peaks are also shown as a
function of sweep rate in Figure 21. Since both of the oxidation waves
shift anodic as a function of the sweep rate, it is apparent the
oxidative processes occurring in a basic bromide melt system are
electrochemically quasi-reversible. This indicates the rate of electron
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transfer, from the electrode surface to the electroactive species, must
be taken into account.

To account for the slow rate of electrcen transfer, an indication of
the degree of irreversibility must be introduced to the equations
describing electrochemical behavior. This is accomplished by adding a
term, called the transfer coefficient (a), to the equations. The
transfer coefficient is a unitless parameter which modifies the number of
electrons transferred (n), per mol of electroactive species consumed, in
tiie rate determining step.

Experimentally, there are several methods of determining the number
of electrons transferred in, and of accounting for the transfer
coefficient of, an electrochemical process. Several techniques, such as
rotating disk linear sweep voltammetry, linear sweep voltammetry, and
constant current amperommetry, can be used to determine the product of
the transfer coefficient and the number of electrons transferred. Other
techniques, typically various forms of coulometry, have been devised
which can be used to determine the number of electrons transferred,
independent of the transfer coefficient.

There are two methods of separating each term of the product of the
transfer coefficient and the number of electrons passed from the other.
If the number of electrons transferred has been determined independently,
the transfer coefficient is easily obtained from the product. If it is
not possible to determine the number of electrons transferred independent
of the transfer coefficient, both terms must be estimated. Since severe
restrictions are placed on the value each term may have, it is usually a
fairly simple matter to assign a value to each.

Rotating disk linear sweep voltammetry (RDLSV). As a potential is
applied to an electrode surface, any species in the region of the
electrode, which is electroactive at that potential, will be coanverted by
an electrochemical process. As the species is consumed, diffusion to the
electrode surface will begin to occur. In a voltammetric experiment with
no convective means of mass transport, such as in cyclic voltammetry and
linear sweep voltammetry, the current passing through the cell will reach
a maximum and then decay back towards zero current as the electroactive
species is depleted from the region surrounding the working electrode.

If the electrode is rotated, forced convection to the electrode
surface will occur. The induced convection moves the electroactive
species from the bulk of the solution to the vicinity of the electrode
surface, where it will be reduced or oxidized. At some minimum rotation
rate, the rate the electroactive species is brought to the electrode
surface, through a combination of convection and diffusion, will be
greater than the rate it is removed from the solution by the
electrochemical process.

In rotating disk linear sweep voltammetry, the cell currents reach a
limiting value, called the limiting current, as distinguished from the
peak currents observed in experiments with no convective means of mass
transport. When the species is brought to the electrode surface, by both
the convective and diffusive processes, the measured current is
proportional to the rate at which the electroactive species is
transported by each process. Since, in rotating disk linear sweep
voltammetry, the rate of the convective process is altered in a known
manner, the observed current becomes proportional to the rate at which
the material is brought to the surface by the diffusive process.
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it is usually u fficult to I.sticcuish a transfer coefficient less
than 0.3 from & .omgeletely irreversible case aad greater than 0.7 from an
elect:ochemically reversible csysten. If the degree of irreversibility is
observable, 0.5 is a reasonable ir:tial estimate of the transfer
coefficient, as exporimental values of the transfer cosfficient typically
fall in the 0.3 to 0.7 raange. 3ince a discrete number of electrons must
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s00 | vioco | 0.623

500 ! 0.9¢tc | 1,573
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be tr.asfurrec in -y 2lementary clectrochemical process, the number of
electrons trar ‘~ed, per mui of reactive species, is restricted to
having ore cif u.ily a few values.

Even i . 3h a discrete nuuder ot eloctrons must be transferred in an
elenaentar «<.ectrochermical proiess. the number of electrons transferred,
pe . - .. electroactive species, need not be an integer (i.e. if two
€ic. .5 are nassed in a process which consumes three molecules of the
e’ L032tive spec.es, n eguals 2/72). After rounding n to a value

¢.-responding to a0 itateger number of electrons transferred, the transfer
coefficient can te 1edetermined. Lsing this process, it was determined
one electron wes t: artarrad 1 2ach of the a2lectrochemical processes.
Aith t'e puamber ¢° electrons transferred, the transfer coefficient was
found, from the product of the traansfer coefficient and the number of
el-cirons transfec.el, to pe 0.59 for the first oxidation wave and 0.46
for the second.

Linear sween -oltanmetry (LSV). Chryssculakis et al. have

demcustracec how tha term {l-aln can be estimated from the slope of the

leadiny edge of a voaltammetric wa-ve.25 The greater the electrochemical
irroversioility. the brecader the wave and thus the smaller the slope.
Figure 23 shouws the difference between the potential of the peak current
(E;) and the potantial corresponding to the current at half the peak
height (E,,;) for the first oxidation wave as a function of the c=quare
root of the sweep rate. By extrapolating the values for EP—EP/Z back to
a sweep rate of O, the working valres were obtained. The average ot the
working values for Ep“£p/2 was :0.082 V.

If the process were electrnchemically reversible, the peak separation

. i5
would be given by the equation :

RT

[ ¥}

2.

Ep-Epr2 = nF (8)

If the process were electrochemically irreversible, the peak separation
.27
would be given by the equation :
1.857 RT

Ep~Fps2 = 1 aynr (9)
Equation 8 indicates 0.77 electrons would be transferred per mol of
electroactive species, if the system were electrochemically reversible.
Equation 9 shows the product of the transfer coefficient and the number
of electrons transferred would equal 0.65. jif the system were
electrochemically irreversik s. If it is assumed a has a value of 0.5, n

woul have & value of 1.3 for * elactrocheirically irreversible case.

There arc two methods of ¢va . .iting the quasi-reversible system.
First, assuminT the oxidative proces; is actually half way between the
reversible and irreversible cases (quac.-reversible with a transfer
coettircient of 07.5), the nunber of electrons transferred can be estimated
by tne averaqge of the values for the two cases. This method results in a
value of 1.04 eiactrons transferred for every mol of electroactive
speciss cansumad,

In tihe second method, a moere rigorous apprecach to the

quasi-reversible sjystem is given by the equation:




44

‘®AeM UOTIEPYIXO 3S53T3 9yl 103 23ea daams 8yjl jo uotjdouny e se ¢/d5 d; ‘£z ®anbrg

. y ?\>\o.sz ..o!smu
o) 80 ' 9°0 ro Zo 00
T 1 T T T 8| T T T Y 000
—1500
-
- 1010
7 Lonnn )
m
h-J
L]
4 560 m
N
4 =
—1020
-1§2°0
v 008Y0:=N-V
osey0:=N~-DO
006¥0:=N_-QO -
1 i 1 1 i 1 1 1 i i 0E0




45

v B A RT
‘pTrp/se < nF

(10)

The term 3 is a complex term describing the kinetics of the electron
transfer aund the concentration of the electroactive species in the region
of tre electrode. A has s value of 2.2 in the reversible system and 3.7
in the irreversible system. Assuning a mid-range value of 3.0 for 4
gives a value of 1.05 for the number of electrcns transferred.

Iu both of these techniques, the actual number of electrons
transferred must be between 0.77 and 1.30 corresponding to the
electrochemically reversible and irrevarsible cases respectively. Table
4 lists a series of possikle number ¢f electrons transferred (X) and
moles of electroactive species involved (R), along with the resulting
value for a. To cbtain a value of n within the specified range, it zan
be seen that at least 4 electrons must be transferred for every §
molecules of electroactive species converted, but no more than five
electrcns can be traunsferred for every 4 molecules of electroactive
species converted.

As mentioncd previously, the degree of electrochemical reversibility
appears to be approximately halfway between the irreversible and
reversible cases. The aurrer of electrons and molecules of Lhe
electroactive species required to give a reasonable value of n would be
quite large, requiring a complex mechanism to explain the transfer. The
simplest explanation, fitting all cf the observations, is the transfer of
one electron for each molecule of the electroactive species consumed,
resulting in a value of i for n.

Amperometry. If a current is forced to flow, under steady state
conditions, through a call, a potential great enough to oxidize and
reduc= enough electroactive species to carry the current will be
induced. The difference between the induced potential and the "“rest”
potential observed when no current is flowing is called the overpotential
{n)., and is measured in volts.

The relationship between the induced current and the overpotential

. . 29
required to carry the current is described by the Tafel equation :
n=a+»5blni (11)

where a and b are terms which depend on the conditions under which the
experiment is performed. If the experiment involves a completely

TABLE 4 - n for Several Different tMoles of Eiectroactive
Species and Number n¢ Tlectrons Transferred.

v | R n

| —
1 1 1.00
4 5 0.80
5 6 9.983
5 4 1.25
6 | s 1.20
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irreversible process and high overpotentials, the Tafel equation takes on

the form:3

anF . anF .
N = 37 In i, - °T 1n i (12)

If the electrochemical process under study is irreversible, equation
12 indicates, a plot of the natural log of the applied current as a
function of the observed overpotential will have a linear portion with a
slope of anF/RT for the cathodic, and (l-a)nF/RT for the anodic branch.
The extrapolation of the linear portions to a 0 overpotential gives an
intercept equal to the natural log of the exchange current (i,) of the
system,

Bard and Faulkner31 describe a method, originally put forth by Allen
and Hickling, for analyzing systems which are
electrochemically quasi-reversible. If the Butler-Volmer equation is
rewritten to the form:

= 1n iy - anfn (13)

where:

F

£ =
a plot of 1n[i/(1-ePfN)] as a function of the overpotential, a straight
line should result. The slope of the line will equal -anF/RT for
cathodic overpotentials and (l-a)nF/RT for anodic overpotentials, and the
intercept is equal to the natural log of the exchange current.

An N = 0.4883 and an N = 0.4688 bromide melt were made. Each melt
was put in an electrochemical cell in which the platinum working
electrode was rotated at a rate of 750 rpm, and the potential was
observed for a series of imposed oxidative currents.

Figures 24A and 25A show the graphs of the natural log of the current
as a function of the overpotential (called a "Tafel Plot"), for the first
oxidation wave of each melt composition. As can be seen there are not
obvious linear portions of the curves. This non-linear dependence
reinforces the belief that the oxidation waves in the basic bromide melt
system are due to _lectrochemically quasi-reversible processes.

Figures 24B and 25B show the plot of ln[i/(l-e“f")] as a function of
the overpotential (called an "Allen-Hickling Plot"), for the first
oxidative process. In both of these graphs there is a portion which is
linear. The slopes result in a value for (l-a)n of 0.43 and 0.47, for
the N = 0.4883 and the N = 0.4688 bromide melts respectively. Using the
method of determining the transfer coefficient and the number of
electrons transferred from the product, as discussed in the section on
linear sweep voltammetry, it was found that one electron was transferred
for the first oxidative wave. The transfer coefficient was found to be
0.57 for the N = 0.4883 melt and 0.53 for the N = 0.4688 melt.

Even ideal Tafel and Allen-Hickling plots have a limited range
(usually from 100 to 200 mV of overpotential) of linearity. Below
approximately n = 50 mV, the reverse electrochemical reaction becomes
noticeable, and shifts the current more negative. Above approximately n
= 200 mV, the observed current is limited by mass transfer effects,
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causing the observel current to be less than woula ve expected by the
Tafel relationships. The oxidation of the bromide to bromine shows a
Allen-Hickling cucsve whose lirear region is limited, not only by the
usual prucesses described above, hut aiso by the overlap of the second
wave.

Secause of the factors limiting the linear portion of the curve, the
position of the line drawn to the Allen-Hickling plot is suspect.
Irrespective of the position of the line, the linearity of the
Allen-Hickling plots court:ms che electrochemical quasi-reversibility of
the bromide oxidation. Although the placement of the line, to the curve,
should affect the calculatior orf the number of electrons transferred, per
mol of electroactive species, ir practice, the corstraints put on the
values n may have, allows for a reascnable deviation in the positioning
of the line without affecting n. These considerations indicate that all
of the error, ir placing che line to thne Allen-Hickling plot will
manifest itself in the transfer coerfficient. Because of this, the values
of «, determined by thitc method, must be considered suspect.

When there is no net current flowing through the cell, there is still
an equilibrium forward and reverse current ftlowing at each electrode. At
the working electrod>, this current is called the exchange current. When
the excnange current is normaiized for the area of the working electrode,
it is called the exchange current dcnsity (jg). The exchange current was
found te be 0.20 mA for the N = 0.19%82 melt and 2 19 mA for the N =
0.4688 melt, This corresponds to an exchange current density of 0.71

c
mA/cm’, and 0.66 mA/cm- for the N = 0.4853 and N = 0.4688 melts
respectively.

Coulometery. A mathod of determining the number of electrons
transferred in an electrochemical step. independent of the degree of
irreversibility, is constant potential coulometry. In this technique, a
potential great enough to induce the electrochemical pracess under
investigation, is maintained across a cell containing a known amount of
analyte, and the amount of charge required to convert the analyte is
observed.

The amount of charge reguired to consume a given amount of the
analyte is determined by one of two means. In the first method, called
exhaustive coulcmetry, a potential is applied long enough to consume all
of the analyta. Once all of the anzliyte is consumed, the current will
cease tc flow. Ir the second method, either the formation of the
product, or the consumption of the analyte is followed by an independent
analytical technique.

In either “echnigue, the charge passed (Q) is related to the amount
of analyte (N) presant in the sawple by the equation:

Q = n (14)

For the first method, once tne amount of cinacge required to convert a
known amount of analyts is found, it is a simple matter to determine the
number of uvlectroas transferred per wol of analyte, 1In the second
method, if the amount of charjye passul is plottzd as a function of the
amount of analyte converted, & strajgnt line with a slope of nF should
result.

Since the products, of the oxidative processes, have been tentatively
identified as tribromide and bromine, UV-VIS spactroscopy can be used to
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monitor the progress of the coulometry. Calibration curves of bromine
and tetramethvlammonium tribromide were made, and are shown in Figure

26. Dry acetonitrile was used as the solvent, and 10 mm matched quartz
cells were employed. The bromine was found to have a maximum absorbance
at 398 nm, and a molar absorptivity of 179. The tribromide ion was found
to have a maximum absorbance at 269 nm, and a molar absorptivity of

5110. The linear range of both was found to acceptable and the degree of
linearity was excellent. The maximum concentration of bromine in the
linear portion of the calibration curve was found to be 15 mM, and the
maximum linear concentration of the tribromide was found to be 0.30 mM.

An N = 0.4979 bromide melt was made and a cell was constructed as
shown in Figure 27. The working electrode was a platinum mesh and the
counter electrode was an aluminum wire in an N = 0.6061 bromide melt.
Care was taken to have the melt level in the counter cell equal to that
in the working cell in order to minimize the hydrostatic pressure and the
resultant convective mixing. A potential of +1.250 V, referenced against
the usual chloride reference electrode, was applied between the working
and the counter electrodes. This potential is sufficiently anodic enough
to cause both of the oxidative processes.

Aliquots of the melt were taken at different times during the course
of the experiment. The aliquots were dissolved in acetonitrile and the
UV-VIS spectra of the resulting solutions were taken. Figure 28 shows
the UV-VIS spectra of an aliquot of melt after approximately 30 coulombs
were passed through the cell. The absorbance at 269 nm is due to the
tribromide anion, indicating the product of one of the electrochemical
steps must be tribromide.

Figure 28 also shows the spectra of the same solution approximately
15 minutes after the dilution. Obviously, the concentration of the
tribromide c¢bserved in the diluted aliquot decreased over time. Since
the standard solutions (tetramethylammonium tribromide in acetonitrile)
were shown to be stable over time, some component of the melt must allow
for the reactiua of the tribromide in solution. For this reason it was
not possible to determine the concentration of the tribromide in the
aliquot and thus a Q@ vs, N plot could not be constructed.

When the potential is applied to the cell, an oxidative process is
forced to occur in the working compartment of the cell, and a reductive
process takes place in the counter cell. The bromide in the working
compartment of the cell will be oxidized by a process which will be
determined at the conclusion of the experiment. The most likely cathodic
process, occurring in the counter cell, is the reduction of the
heptabromoaluminate by the reaction:

4 Al,Br,” + 2 e — Al°(s) + 7 AlBr,~

As the potential is maintained across the cell, a positive charge
will build up in the working compartment of the cell, due to the
consumption of bromide, and a negative charge will build in the counter
cell, due to the formation of tetrabromoaluminate. In order to maintain
charge balance in each of the compartments, ions must migrate between the
two compartments. Since a positive charge is built up in the working
compartment, and a negative charge is built up in the counter cell, the
charge will be balanced by cations migrating from the working compartment
to the counter cell, and anions migrating from the counter to the working
compartment of the cell.
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The only cations present, in the molten salt system, are the
imidazolium cations, thus all of the positive charge will be transferred
by the imidazolium ions. A couple of different types of anions, though,
are present in the counter cell compartment. The negative charge will be
transferred by both the hepta- and the tetrabromoaluminate. Although the
tetrabromoaluminate is stable in the working compartment, any
heptabromoaluminate reaching the working compartment will react with the
hromide ion, by the reaction:

Al,Br,” + Br~ —> 2 AlBr,~

effectively decreasing the bromide ion concentration.

The fraction of the charge carried by the different ionic species
present in the bromide melt, called the transference number (t) of the
species, was determined by Hussey et al.?3 It was found that 76% of the
charged is carried by the imidazolium cation, irrespective of the
composition of the melt. The transference numbers of the anionic
species, though, are dependent o0a the composition of the melt. This
dependence is shown in Figure 29. Since the melt in the counter cell had
a composition of approximately N = 0.61, graphically it was found that
10% of the total charge transfecred was carried by heptabromoaluminate
anions, and 14% of the charge was carried by the tetrabromoaluminate.

Correcting for the volumes of the aliquots removed, 46.49 coulombs of
charge were passed to exhaustively oxidize the bromide. Since, at the
beginning of the experiment, there were 29.401 gms of an N = 0.4979
bromide melt in the working compartment of the cell, there were initially
5.3987 x 10~% mols of bromide present. Adding 10% to the charge passed,
to account for the migration and subsequent reaction of the
heptabromoaluminate anions with the bromide anions, 51.14 coulombs of
charge were effectively consumed by the oxidative process. Substituting
these values into equation 14 results in a value of 0.98 for n. This can
be rounded to the transfer of one electron for each molecule of bromide
oxidized.

Summary. All of the techniques gave results consistent with the

processes first proposed by Popov and Geske® for bromide dissolved in
acetonitrile. The rotating disk linear sweep voltammetry showed one
electron was transferred in each of the oxidative processes. While
amperometry and linear sweep voltammetry were not able to indicate the
number of electrons transferred in the second process, the techniques did
support the idea that one electron was passed in the first oxidative
process.

The coulometry indicates not only that one electron is transferred
for the combination of the first and second anodic processes in the basic
bromide melt, but also that the product of one of the oxidative processes
is tribromide ion. Since the other techniques indicate one electron is
transferred for each of the individual processes, the two processes must
be linked through a chemical reaction. The coulometry indicates the
overall (sum of the two individual processes) process is:

Br- —* Br° + e~

which can also be written as:
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2 Br™ — Br, + 2 e~
This evidence indicates the couple responsible for the first wave is:
2 Br — Br, + 2 e~
The chemical reaction:
Br, + Br™ — Bry~

occurs -0 remove the bromine produced in the first oxidative step from
the melt. The second oxidative process is described by the reaction:

2 Bry© —3 3 Bry; + 2 e”

The number of electrons transferred and the transfer coefficients are
summarized in Table 5 for the different techniques. 1Iwasita and

Giotdano32 studied the electrochemistry of lithium bromide and bromine in
an acetonitrile solvent system. Using a platinum working electrode and a
silver-siiver bromide reference electrode, they determined one electron
was transferred in each of the oxidative processes. They also found the
transfer coefficient ranged from 0.44 to 0.52 for the first wave and 0.49
to 0.63 for the second. The values for the number of electrons
transferred and the transfer coefficients found in this work agree well
with those determined by Iwasita and Giordano.

Chemical Additions

Since the current observed in a voltammetric process is proportional
to the concentration of the electroactive species, increasing the
concentration of the species will increase the observed current. To take
advantage of this, tetramethylammonium tribromide was prepared and added
to the melt. If, as proposed above, the second oxidation wave of the
basic bromide melt system is due to the oxidation of the tribromide anion
to bromine, the current of the second wave should increase, upon the
additicn of tribromide.

TABLE 5 - Summary of the Transfer Coefficient and the Number of
Electrons Transferred for the Various Techniques

Technique Wave 1 Wave 2

a n a n
RDLSV 0.407 1.0 0.542 1.0
LSV N.A. 1.0 N.A. N.A.
Amperometry 0.549 1.0 N.A. N.A.
Coulometry n = 1.0%

#number of elect ons transferred for the first and second
processes combined.
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fne Cv of an N 0.4%0 br mwid-. merr 15 showa in Figure 30. Upon
additicr ¢f rhe tcib.amide anton to the melt, the rest potential (the
potential . peerved L hen ro current is flowing, defined by the types and
concentrations Of rhe speci2s present in tne system) shifted from -0.053
Vito (.7.. 7 wvs. the chlorid» veferc~nce electrode. The CV of the
resulti g so2lutios is also shown o figure 0 Since che curreat of the
second xidalicn weve increased markedly, this wave is probably due to

the Cxidaticou of tre *ribromide anion,

Flecsrochemistry 8 & notoricusly bad technigue for the resolution of
electrochevical precessey with sirilar oxidative or reductive
potentiais Sian-e he tupicn! reversible volteérmetric wave is on the
order oI 3v mV rnide a7t haif »f tne peak height, eny other electroactive
species with . formal electrode poteantiel witnin approximately 50 wV of
the actusi species =ill ve indistinguishable fcrom the analyte species.
For this .=2ason, cnemical gdditions can not be used as absolute proof of
the svecieg: involved in » electrochemical piccess, but it is another

Af eviderce te suppurt the assignments made in the previous secttion.

Diffusicr Ccetficients

An inpcrtant property in che 2lectrochemistiry of a system is the
diffus.cn chefficiant of the electroactive speci2s in the solvent being
used. ire cate a specles 1s trersported to a point in space, by the
diffusive nrocess, s called the filux of the species. The fiux (J) cof a

species. at any poist la space, is d2scribed by Fick's first law:

ac

dx

where D is the drtfusian coafficient of the species and dC/dx is the
conceatration gradient at that veint in space.

Since the Jiffusion coefficient of a spaecies is a constant, for any
defined solve.: system, the flux of the species, and thus the current
observed for vhe process. is progortioral to the concentration gradient
of the species at the eliectrode surface. By altering the concentration
gradient in a kunown manner, tne diffusion coefficient is readily obtained.

The area around the ¢lectrode, where the only means of mass transport
is through the diffusive process, is called the diffusion layer. Since,
at the cuter edge cf the diftusion layer, the concentration of the
electroactive sp2cies is equal to the councentration in the bulk of the
solution, ard the concentraticn of the species at the electrode surface
can se controlled to equal zeco, 1. is apparent that altering the
thickness of tne diffusioa layer will aiter the concentration gradient.

Two technicues are typically used to alter the thickness ouf the
diffusion laye:r ir a we.l def'.ro manner. Ia the first technigue, called
rotating disk lingar sweep vo'tan~=ry, the thickness of the diffusion
layer 15 alterec by forring hydrodyzamic transport of the species towards
the luctrode surface. [n Lue secoad tochnique, called
chroncampercmeiry. tne thichness nf the o' ffusion layer var.ies as the
reginn a.v.nd tr2 electraode 13 depleted »f the electroacrive species.

J . - D (15)

Rotating disk 'iagar “ween voltammerry. As an slectrode i35 rotated
in the analyte sclution, hydrodyianic convec.ion towards the region of
t e 2leccrnde oootrn. Although the electrede is rotated, the region
imme 2 ately nevt to “ne el-ctrode surface remains stationary relative to
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Figqure 30. The CYs of an N = 0.4900 bromide melt A)before, and
Blafiter adding tetramethylammonium tribromide.
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the electrode surfac-. The argular velccity of the analyte solution,
with respect to tre w=.ectrode surface, increases as the distance from the
electrode increases. 1he faster the electrode is rotated, the thinner
the diffusio.n iaser becomes.

At slow rotation rates, the Aiffusion layer is relatively thick, and
thus «he ccncentration gradient is small. As the rotation rate is
increased, th: ~hickness of the diffusion layer decreases, and the
concentration gradiect increases. As the votation rate is increased, the
current observed for the ele:trochemical process will also :ncrease, due
to the increased concentration gradient.

The current-rotation rat: ralationshis is described by the Levich

. 33
equation

2/3 1721 -1/6
w v c .t (16)

iyim = 0.620nFuD
where i;., 3¢ the limiting current at aay given rotation rate, w, iu
rad/s. D is the diffusion coeificient, and C,* is the concerntration, of
the analyte in the bulk of the sciution. The kinematic viscosity of the
analyte solution is given by v. if the limiting current is plotted as a
function of the square root nf the rotation rate, a straight line, with a
slope of:

273 /¢
m = 0.620nFAD" v . (17)

should result. Any deviations of the plot of the current as a function
of the rotation rate from linearity indicates th2 ¢lectroactive species
is being brought to, or away from, the electrode surface by a process
other than the hydrodynamic convection ianduced by the rotating electrode.
Figure 31 shows the limiting current of several bromide melt
compositions as a function of the square root of the rotation rate.
Since the waves are a combination of two processes, the limiting current
of eazh process is determined by extrapolating the linear portions of
both, the rising portion of the voltammogram and the observed plateau.
The intersection of the two extrapolations corresponds to the limiting
current nf the process. The diffusion ccefficients for each species are
listed in Table 6. The plots for each rotation rate show good linearity.
indicating the system is under diffusion control.

Chronoamperometry (ChAmp). When a potential is placed across a
solution containing a species which is 2iectroactive at that potential,
the species 1s consumed by either a reductive or oxidative process. When
the spe-ivs is consumed, diffusion towards the electrode surface, at a
rate dictated by the diffusion co~fficient of the species, begins to
occur. A3 *he elecirvactive <pecie. diffuses towards the electrode
surface, the region around the electr-de becomes depleted of the
electrnacrive crecies,

As the diffusion prnceeds, the distance from the electrode, at which
the concentration of the electroaciive species is equal to the
concentration in the bulk nt the solution (the diffusrion layer)
increas=.. As the ditfus.ion layer becomes thicker, the conceutration
gradient, and therafore the current. decreases.

The de:r-ease in the concentration of the species, in the region of
the electrode, over time, manifests itself as a decrease in the current
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TABLE 6 - Diffus:on Coefficient as a Function of Anionic
Composition by RDLSV.

Wave 1

N | {Bc~}/M D/cm?/s
0.4949 ! 8.51 x 1072 7.05 x 1077
0.4850 2.49 x 107} 7.69 x 10™7
0.4734 4.40 x 1071 7.40 x 1077
7.38 x 1077

Wave 2

N l [Bry"1/M D/em’/s
0.4949 ! 2.83 x 1072 9.41 x 10~6
0.4850 8.31 x 1072 9.78 x 106
0.4734 1.46 x 1071 9.04 x 106
9.41 x 1076

flowing through the cell. This current time (t) relationship is
3
described by the Cottrell equation 4:

nFAD%C *

i = —;7;?7;—:—— (18)

The Cottrell equation indicates that, barring any non-diffusive loss of
the analyte, the current will decay as the inverse square root of time,
in a manner proportional to the diffusion coefficient.

If the current observed in a Chronoamperometry experiment is plotted
as a function of the inverse of the square root of time, a straight line
with an intercept of zero and a slope of:

Yo
m = nFAD/’C: ( 19)
w2
will result. Fiqgure 32 shows this current time relationship, and Table 7
gives the diffusion coefficients for a series of melt compositions.

The plots of the current as a function of the inverse square root of
time show a noticeable degree of non linearity at short times. This is
due to some process occurring at the surface of the electrode which
decreases the amount of current which may flow through the cell. As will
by shown later, at very high scan rates, bromine can be seen to adsorb on
the electrode surface.
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TABLE 7 - Diffusion Coefficient of the Bromide as a
Function of the Melt Composition by ChAmp

N {Br~)/M p/em’/ss
0.4961 6.51 x 1072 2.14 x 1077
0.4951 8.12 x 10”2 1.44 x 1077
0.4902 1.62 x 1071 2.83 x 1077
0.4902 1.16 x 107! 5.54 x 1077
0.4851 2.48 x 107} 2.84 x 1077
0.4850 2.47 x 107} 2.64 x 1077
0.4800 3.32 x 107! 2.58 x 1077
0.4799 3.31 x 107} 2.79 x 1077
0.4750 4.41 x 107} 4.35 x 10™7

3.02 x 1077

At very short times there is a large concentration of bromine formed,
which takes a finite amount of time to be removed from the reqgion of the
electrode, by the subsequent reaction. During this time the bromine is
adsorbed to the electrode surface, effectively decreasing the area of the
electrode, and thus inhibiting the current. As the experiment proceeds,
the adsorbed bromine is removed from the electrode by the subsequent
chemical reaction, and the current approaches its expected values.

Summary. The diffusion coefficient for the bromide was found to be
-7 2 -7 .
7.39 x 10 cm /s or 3,02 x 10 cmzls depending on the method used.
This difference (59%) is typically attributed to differences in the
techniques used. The diffusion coefficient for the tribromide was
estimated to be 9.4 x 10_5 cmzls. It was not possible to determine the
diffusion coefficient for the bromine by either technique.
.38 . . .

Mastragostino, Valcher, and Lazzari determined the diffusion
coefficients of the bromide system in an acetonitrile solvent system.
They found the diffusion coefficients of the bromide and the tribromide
to be equal to 7.3 x 10_5 cmzls and the diffusion coefficient of the
bromine to be 15.8 x 10_5 cmzls. The ratio of the diffusion coefficients
of the bromide solvated in acetonitrile to that when it is solvated in a
melt is 21.

. 6 . . . . . .

Lipsztajn and Osteryoung3 determined the diffusion coefficient of
the chloride ion, in an almost neutral chloride melt, to be 9.55 x 10
cmzls. This compares to the values they reported that Macagno and
Giordano determined of 2.4 x 10_5 cmzls in an acetonitrile solvent. The
ratio of the diffusion coefficients of the chloride solvated in
acetonitrile to that when it is solvated in a melt is 25.

7




64

As can be seen, the diffusion coefficient of a species, in a melt, is
much less than that for the same species in an acetonitrile solution.
This is due to the size and shape of the ionization sphere around the
species in an ionic melt. Since the bromide is negatively charged, it
will draw positively charged species around it. When a species diffuses,
not only the species under study, but also the electrostatically

associated species, must diffuse. Mastragostino et al.35 used a low
concentration of TEAP as a supporting electrolyte. The size of the ion
sphere is relatively small and sphere-sphere interactions are minimal.
In the chlcroaluminate molten salts, however, considerable evidence
suggests the anionic species of a melt exist in a fairly rigid and

ordered system. The structure proposed by Dieter et 31.37 is shown in
Figure 33. The chloride, and the tetrachlorocaluminate, are alternately
sandwiched between two fairly large imidazolium cations, in a structure
not unlike a polymeric chain. Not only are these solvation spheres
large, but, a considerable amount of sphere-sphere interactions also
exists. Since the chloride must break this structural order to be able
to diffuse, the species diffuses at a much slower rate. The similarity
of the differences between melt and acetonitrile solutions for the
chloride and bromide systems (as shown by the ratios of the diffusion
coefficients) argues that the bromoaluminate molten salt system has a
structural rigidity similar to that of the chloride system.

The tribromide is seen to diffuse quicker than the bromide, even
though it is much larger in size. This difference can be explained in
two ways. First, the structure of the solvation sphere may be disrupted
by the differences in the size of the ions. Second, the charge to size
ratio is less for the tribromide than for the bromide, allowing the
bromide to form a tighter sovatin sphere than the tribromide. The actual
explanation is probably a combination of the two mechanisms, but either
mechanism results in the bromide having a tighter solvation sphere than
the tribromide. Since the tribromide is held less rigidly, it will tend
to diffuse by itself, without the associated solvation sphere. Because
of this, although the tribromide ion is, in itself larger than the
bromide ion, the species which actually diffuses is smaller for the
tribromide than it is for the bromide ion.

Heterogeneous Rate Constant

The rate at which electrons are transferred from the electrode
surface to the electroactive species is called the heterogeneous rate
constant (k°). Since the electrode takes part in the reaction (transfer)
of the electrons with the electroactive species, the composition of the
electrode affects the rate constant. The only electrode for which the
heterogeneous rate constant was determined was platinum.

The heterogeneous rate constant was determined by two means. The two
methods can be distinguished from one another by the assumptions used in
each. The first technique uses the separation of the peak potentials, as
a function of the rate the potential is scanned, to determine the rate
constant. This method assumes no information about the rate constant is
given by the rest of the I-E curve. In the second method, called
"semiintegral electroanalysis", all of the information found in the
forward scan of a CV is employed, by integrating the area under the I-T
curve. Unlike a method later proposed by Bond, Henderson and Oldhamas,
the semiintegral technique uses only one point of the reverse scan to
determine the rate constant.
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Proposed structure of a chloroaluminate molten salt
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Peak separation. In 1965 Nicholson described a simple method of
quickly determining the heterogeneous rate constant from the separation
of the anodic and the cathodic peak potentials of an electrochemical

process.39 The shape, and position, of the oxidation and reduction waves
of an electrochemical process are dependent on the kinetics of the
electron transfer of the process. As the rate of electron transfer
becomes slower, the degree of electrochemical irreversibility becomes
greater and the oxidation and reduction peaks become more separated.
Because of the effect of the rate of electron transfer on the peak
separation, the peak separation as a function of the sweep rate can be
used to estimate the heterogeneous rate constant.

In the basic bromide melt system, not only is the peak separation
dependent on the sweep rate, but also on the concentration of the bromide
in the melt. As the concentration of the bromide increases, the peaks
become more separated. Figure 34 shows the peak separation as a function
of the bromide concentration. A working value of the separation was
determined by extrapolating the peak separation back to a value
corresponding to a value of O bromide concentration.

In his paper, Nicholson defined a term, Y, which is an indication of
the degree of electrochemical reversibility. As the system approaches an
electrochemically reversible system, § approaches a limit of 7. If y has
a value of 0.001, the system acts as if it were electrochemically
irreversible. Nicholson also worked out the value of § for various
values of AE,, using a value of 0.5 for the transfer coefficient. Figure
35 shows a pgot of ¥y as a function of AEP‘ using the values determined by
Nicholson.

Once the value of ¥ is graphically determined from the peak
separation, the heterogeneous rate constant is determined from the

equation:
/2
[ 3]
Dl

¥ o= [ TnFVD ]%

(20)

RT

where D, is the diffusion coefficient of the oxidized form, and D, is the
diffusion coefficient of che reduced form of the analyte. The rate at
which the potential is varied is given by the term v. If, as Nicholson
suggested, it is assumed the value of the diffusion coefficients of the
oxidized and reduced forms of the species are equal, equation 15
simplifies to:

ko

¥ o= [ AnFub, ]‘A
RT

(21)

Since it was not possible to determine the diffusion coefficient of the
bromine, the values of the heterogeneous rate constants were determined
by equation 16 for the oxidation of bromide to brcmine, and for the
oxidation of tribromide to bromine. The values of the rate constants are
listed in Table 8.

) 40 _. .
Semiintegral electroanalysis. Keith B. Oldham first coined the
term “semiintegral analysis” in 1972, when he introduced semiintegral and
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TABLE B8 - ie=terogenevus Rate Consta:t as & {function
of the Sweep Rate

Wave 1
v/iawss L oaRg/mv | w L k°/em/s
! . .

50 | 77 | 1.3} 8.37 x 10-3
100 ' St ! 1.07 5,67 x 160
200 | 96 | 0.h2 7.92 x 10-3
soo | 17 b ocl3s 7.68 x 1073

.41 x 1073
Wave 2
v/my/s | AE,/mV ¥ | k>/cm/s

50 56 0.90 3.68 x 1073
100 107 0.47 f 2.71 x 10-3
200 79 1.20 9.80 x 10°3
500 94 0.69 8.91 x 103

6.28 x 1073

semidifferential operations and proposed their usefulness in

electrochemical analysis. In 1972, Grenness and Oldham‘l
introduced a method called “semiintegral clectroanalysis', which
is a much more rigorous approach to the determination of
electrode kinetics, than the peak separation method of
Nicholson. In this paper, Grenness and Oldham carefully derived
the theory for the semiin“egral analysis of current functions.
Tne proposed semiintegral (m) has the general form:

a
m{t) = ~*——V~(t) (22)
as = ¢

where i is the current at any time t. [t was shown the semiintegral
technique is valid for any current function where the mass transport is
limited to semiinfinit~ linear diffusion.

Two methods ha’e beern prcposed for performing the integration.

. 42 . . . .
First, Oldham described a method of using a resistor ladder to obtain a
real time anaioy represertation of the semiintegral during the course of

. 38 .
the =2xperiment. Seczoad, Bound, Henderson, and Oldham described a
digital technique using a method called the RLO integral approximation,
to determine the value of th? semiintegral at aay point in time.
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The RLO approximation uses the equation:

44 J-1
mo= o g+ 1 ij [(3-501)3’2 - 2(J-3)3/2 (3_5-1)3/2] (23)
j=1
to determine the semiintegral (m) for the JtP data point. A is the time
interval between the data points, and i is the current at the specified
data point. Figure 36 shows the currents of the two oxidation waves, as
well as the semiintegral as a function of time. As can be seen, a plot
of the semiintegral as a function of time closely approximates a
polarogram observed at a dropping mercury electrode, and has been termed
a "neopolarogram".
As a process becomes more irreversible, the waves tend to spread
out. This spreading of the waves results in a2 slower increase in the
area under the current time curve. The kineticc of the electron transfer
can be obtained from these neopolarograms in a manner similar to that for
the linear sweep experiments.
Goto and Oldham have shown that the shape of the neopolarogram is
described by the equation:

E = Ep + RT in s T ¢ RT 1n Q (24)
(1-a)nF (D1-% p- ) (1-a)nF
where:
Mo - m [1 + exp —%%— (B - Eh)]
Q = - (25)

1

Equation 24 indicates that a plot of ln Q as a function of the potential
will yield a straight line with a slope of RT/(1l-a)nF. With the slope,

and the value of 1ln Q, when the potential is equal to Ep, the value of

the heterogeneous rate constant

El, is a poteatial corrected
system, much in the same manner
the formal electrode potentials.

can be determined.

for the non-ideality of the solvent

as described in the earlier section on
Goto and Oldham use the equation:

LT D"
2nF in —E- (26)

Eh=Es

to find E,. Since the values of Ej, determined by this method, were one
to two orders of magnitude larger than was reasonable, it was felt that
the diffusion coefficients for the oxidized and reduced forms of the
bromide species varied too greatly for this method to give reasonable
values for Ep. Instead, Goto and Oldham also showed that, according to
the equation:

RT My - M
7
(l-a)nF 1n m (27)

E = Ep +

a plot of the potential as a function of Iln[(mx - m)/m] will give a line

with a slope of RT/(l-a)nF and an intercept of E,. Figure 37 shows this

relationship for the first and second oxidation waves. The values of Ej

were determined to be +0.753 V for the first, and +1.124 for the second
oxidative processes.
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Tiee gran=. o7 . 4y as a fun.tion of the potential are shown in Figure
38 for toth f t'e oxidariv? processec. Both graphs show regions of
linsarity. ¥> .oteroc=n20.s rate constants weze found to be 6.74 x 1073
cm/s and 2.54 ¢ 1077 oms/s for the first and second waves, respectively.

Suamroro. The heterogereous rate counstant, for the oxidaticn of the
broni. - ro tribronide, was fuund to be 8.41 x 1073 cm/s, by the peak
sepa .iion asthod, and 5.74 ¥ 1373 cm/s by the semiintegral method. The
diftocearte (24.3%) is usually attributed to differences in the method«
u~2d. 3.0 cthe assumptions ade in each procedure., Differences of less

than an :>:der of magnitude are usually considered acceptable. For the
oxidatiun »f the tribromide to tromine, the Leterogenegus rate constant
was voondi to be 6. 28 x 107° cm/s, by the peak separation method, and 4.64
x 10710 :n/e. by the semiin®~gral method. This difference is obviously
nct rassconable. Not only is the value of the rate constant determined by
the semiintegrel techbnique less than the smallest rate constant ever
deturmined, but a rate constaonc of 4.64 x 107'% cm/s would indicate the
oxidaiion 15 electr..chemically irreversible. The oxidation of the
tribrcoaid=s o bremiie has already been shown to electrochemically
quasi-rev2rsible. indicating tne value of the rate constant determined by
the semi:rtegral techanique is in 2rror. This error can be attributed to
an cverlap of the two oxidation waves, as well as an incomplete
understanding cf the theo-y behind the semiinteqgral technique.

Bard ard Fau;kner43 indicace the fastest heterogeneous rate
constants, determined to date, range from 1 to 10 cm/s, and the slowest
are less than 1 x 7¢”? cm/s. The rate of the electron transfer, to the
electrcactive sp=2cies, is utually determined by the amcunt of
rearrangement the spacies mus* undergo to wccept the charge. The fastest
rate constant are typically for the coxidation or reduction of an aromatic
organic molecule, and the slowest is for something which requires a large
amount of rearrangement such as the reduction of oxygen to hydrogen
peroxide.

The 1072 %o 16-3 range for the heterogeneous rate constants argues
that, although the oxidation of bromide and tribromide is not
electrochemically reversible, it is on the high end of
quasi-reversibility. The relatively high rate constant indicates the
electrode kinetics are reasonably fast and should not be a concern in the
study of the bromoalumirate molten salt systems for high energy density
storage applications.
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CHAPTER §
DISCUSSION COF THE CHEMICAL PARAMETERS

Reaction Rate

As shown in the previous chapter, the first oxidative process, in the
basic bromoaluminate moiten salt system, is due to the oxidation of
bromide to bromine, which then undergoes a chemical reaction with bromide
to form tribromide. The oxidation and the following chemical reaction
can be generalized by the equations:

R —/™* Ox + n e~

and:
Oox — Ox°

Several electrochemical techniques exist, which may be used to
monitor the rate of a following chemical reaction. These techniques can
be broken down into two types, depending on the species monitored. 1In
the first type, the loss of the product, formed by the electrochemical
reaction, is observed electrochemically, In the second type of
experiment, the buildup of the product of the following chemical
reaction, is monitored.

Typical sxamples of the first type of experiment are
chronopotentiometry with current reversal and double potential step
chronoamperometry. In these techniques, the current or the potential is
stepped to a value which will force the production of Ox. As Ox is
produced, it will be removed from the region of the electrode not only by
diffusion, but also by the following chemical reaction. Therefore, when
the potential or the current is reversed, less Ox, than predicted by
theory., will be in the region of the elactrode to undergo the reduction
to form R. In the case of double potential step chronoamperometry and
chronopotent.unetry with current reversal, the decrease in Ox will result
in lower observed currents and shorter transition times, respectively.

All of the experiments of the first type rely on the product of the
chemical reaction (Ox') not being electroactive at the potential or the
current needed to reverse the ele.trochemicai process. For the bromide
system, the bromine produced in the first oxidative process reacts to
form tribromide. Since one molecule of bromine reacts to form one
molecule of tribromide, and both the bromine and the tribromid: are
reduced at a potential less than the potential of the first wave, the
number of electroactive molecules remains constant. Bocause the number
of electroactive molecules remains constant, this type of experiment,
which relias on the decrease in the concentration of the el=ctroactive
species, would not be helpful in determining the kinetics of the chemical
reaction.

An exampla of the second type of experiment is fast scan linear sweep
voltammetry. As the potential is scanned through the wave of the process
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of interest, Ox is produced. As the scan continues, some of the Ox is
consumed by the following chemical reaction, forming Ox'. If the product
of the chemical reaction is itself electroactive, a wave due to the
oxidation of the Ox' will be observed. As the rate at which the
potential is scanned is increased, less Ox' will be formed, and the
current due to the oxidation of the Ox' will decrease. If the potential
is scanned rapidly enough, no current for the oxidation of Ox' will be
seen.

Figure 39 shows the CV of an N = 0.49 bromide melt at several
different scan rates. At a scan rate of 1 V/s, the two oxidative
processes are well defined. As the scan rate is increased, the current
due to the second oxidative process decreases, and finally becomes a
small shoulder on the trailing edge of the first wave. At a scan rate of
100 V/s, a sharp break becomes apparent on the top of the first oxidation
wave, indicating a passivation of the electrode surface. Passivation is
usually due to the adsorption of a species onto the surface of the
electrode, which interferes with the transfer of electrons from the

electrode to the electroactive species in the solution.

11,32,44 . . .
Several researchers have found that, in acetonitrile, the

actual mechanism for the oxidation of the bromide to bromine is for
bromide ions to be oxidized, to monatomic bromine, and adsorbed onto the
surface of the electrode. Two adsorbed bromine atoms then combine to
form a bromine molecule. The bromine molecule then desorbs from the
electrode surface, into solution, where it subsequently reacts with the
bromide in the solution, forming tribromide. The passivation of the
electrode seen in high scan rate experiments, and the lowering of the
current seen in the chronoamperometric experiments, indicate the
mechanism proposed by other workers for other non-aqueous solvent systems
also reasonably explains the behavior of the oxidation of the bromide in
the bromoaluminate molten salt system.

Equilibrium Constant
It has been shown that the bromine formed by the initial oxidation of
the bromide undergoes the following chemical reaction:

Brz + Br™ — Br,~

Since the melt system has been shown to affect the electrochemical
properties of the bromide, it is reasonable to assume the chemical
parameters of the reaction are also altered by the melt system. The
preferred electrochemical method of determining the equilibrium constant
of a reaction is with a potentiometric titration.

The Nernst Equation:

E = E° » 2L 1, L0%]

oF (R] (28)

is used to relate the equilibrjum potential observed in an
electrochemical system to the concentrations of the species in the
solutions. Experimentally, a neutral bromide melt was made, and a series
of MEIB additions were made to the melt. While the working electrode was
rotated, the rest potential was observed after each addition of MEIB.

A similar titration was also performed on a system of bromine
dissolved in acetonitrile with a TEAP supporting electrolyte. In order
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20 V/sec S0 V/sec

100 YV/sec

L}
1.000 mA

280 mv

Figure 39. The CVs of an N = 0.4900 bromide melt at various scan
rates.
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to compare the two titrations, which had different initial bromine
concentrations, both of the titration curves were normalized to the
bromine concentrations. Figure 40 shows the two normalized titration
curves.

Assuming an intermediate equilibrium constant, at any point during
the titration, Br~, Br,, and Br,;~ wiil be present in the melt. Because
of the presence of these species, three couples will be responsible for
the potential observed at any point in the titration. These couples are:

2 Bt~ ——* Br, + 2 e~

3 Br- — Br;” + 2 e~

2 Brg© —™ 3 Br; + 2 e~

The thrcz Nernst equations corresponding to the above half reactions are:

RT [Br,]

E = E? + in ; (29)
nF (Br~]
RT [Bra_]

E = Eg + ln S (30)
nF [Br—)
RT {Br,]?

E =B+ 1n 2 - (31)
nF [Br,y~]

Where E is the observed potential and E°;, E9,, and E°, are the formal
potentials for the corresponding electrochemical half reactions. ([Br~],
(Br;~]., and [Br,] are the equilibrium concentrations of the three
species, and are determined from the iritial concentrations of the
bromide and bromine, and the equilibrium constant by the equations
derived in Appendix 1. Since there are four equations (29, 30, 31, and

A3) and four unknowns (Eol, Eoz, an, and K), a unique solution for each
unknown theoretically exists. Solutions to this problem were attempted
by Newtons method of linear interpolation, and by the Simplex met! 1.
The solutions were not determined, more as a result of a lack in
programming ability rather than a lack in the theory.

Although the equilibrium constant was not specifically determined, a
couple of comments can be made about the magnitude of the equilibrium
constant. First, fitting the data to a model, in which the equilibrium
constant is very large, was not successful. This would indicate the
equilibrium constant is less than approximataly 10? - 10°. Second, in
the CVs of the basic bromide melts, the currents observed when scanning
through the bromide and tribromide oxidations, are approximately equal.
Assuming comparable diffusion coefficients, the concentrations of bromide
and tribromide are approximately equal. This would indicate the

. [+]
equilibrium constant is greater than approximately 10 .
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Summary
Alrhough the rate and equilibrium constants, of the chemical

reaction, were not explicitly determined, it was shown that attention
must be paid to the chemical parameters for some electrochemical
experiments. The rate of the following reaction will limit the rate at
which the potential may be scanned in linear potential sweep experiments,
and affect the results of potential and current step experiments. The
equilibrium constant was shown to, probably, be neither large or small
enough to ignore. The equilibrium constant must be accurately known, in
order to be able to explicitly define the tribromide concentration, in
the region of the electrode, during the course of an electrochemical
experiment. Without this knowledge, precise experiments on the
electrochemical behavior of the bromide species will not be possible.




CHAPTER 6
MIXED CHLORQG-R#OMOALUMINATE MOLTEN SALT SYSTEMS

In the previcus chapters, the Promide system was studied for the
purpose of gaining an understanding of the chemica! and electrochemical
behavior of tne bromide species in molten salt systems. With this
knowledge. characterization of the electrochemistry cccurring in the
mixed chloro-bromocaluminate molten salt system was possible.

Two possible methceds of making a mixed melt exist. In the first
methcd, either tune organic or inorganic species may be added to the melt
by itself. 1In the second method, a chloride and bromide melt can be
combined in different proportions. These methods must be assumed to be
different from one another until proven ctherwise.

Addition of MEIB to a Chloride meit

Figure 41 shows a series of CVs of a chloride melt to which different
amounts of MEIB have been added. In the initial CV (no added MEIB), the
only couple observed is the oxidation of the chloride to trichloride.
Upon the initial addition of MEIB, two new ccuples appear. Thc peak
potentials of the two waves are comparable to those found for the bromide
and the tribromide in the pure bromide system. As the concentration of
the bromide is increased, by the addition of MEIB, the peak currents of
the two new couples are seen to increase, indicating they are due to the
bromide species.

As shown in Chapter 4, the first wave is due to the oxidation of
bromide to bromine. The second oxidative process in the mixed melt
system is still due to the oxidation of the chloride to trichloride. As
in the pure bromide system, the second new wave (the third wave present
in the mixed system) is due to the oxidation of the product formed when
the bromine formed in the first oxidation reacts with another anion.

I the case of the mixed systems, the bromine can react with the
chloride 2nion as well as the bromide anion, to form not only Br;~, but
also Br,Cl~. The third wave, in the mixed melt system, is due to the
oxidation of the Br,Cl~ and Bry~. In the secornd oxidative prncess, the
chloride is oxidized directly to trichloride without an intermediate
chemical reaction, so the possibility of forming the species BrCl,” is
minimized.

Upon the inirtial additica of bromide vo tne chloride melt, the
current due to the oxidation of the chloride to trichloride increased
36.9%, and the width of the wave decreased noticeably. There are three
possitle explanations for the increzse in the current. First, if another
species was oxidized at the same potential as the chloride, the
concentration of the species being reduced would be greater, and thus the
current would increase. Second, if the added bromide increased the rate
of the electrode kinetics for the oxidation of chloride to chloride, the
flux, and thus the cubserved current, would increase. Third, if the rate
at which the chloride diffuses to the surface of the electrode increases,

the current will increase.
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ISP creaLt wac due w0 the asaiiticn of a second species,
~: same wotentiel as tihe chloride, the

vuv omer o additiors of MEIB., Not only is this
ar 1s s:e i tuy decrease vith increasing MEIB
decrease 1o ~“he pzak curcent is due to the
... 7.« brewine formeld in the first oxidative
lecraased che chloride concentration in the

wariowiag 0 o orls e coridation wave also argues a‘.ainst a

-
L

second sirctroactive speqias caL.inug tne increase in the peak current.
It is uniirzry U snes ot T uase exactiy the same oxidation
pote~tiul as the lor.dm, ieasocs cly. one wouild expect the oxidation
pctentiats S toe o oarile saua the yther specizs to vary by, at least, a
fow millivo. ts Trio¢:flerence 1o oxidation potentials wouid cause tre
wares to boacoas booader. iascoad of the narcower waves which are actually

obssrved
The increase ita b« peax ¢iovert, oI the second oxidiation wave in Lhe
mixed systerm, cou:d aten ba axell tued by an alteration in the electrode
loride. f tha rate of electron
trans®o: . furovie tner eiectoode surfece to the chloride i1on, is increased,
the rete - whici tr-ar’12 tons co+lid be oxidized, and thus the current,
would is-v-as-. 7t has nee. =own, =houch, tnet the rate of eslectron

kinnci~s Tor b ooeadavtion of tr2 ochl

transter in the ch-svide systsin 1§ facila.as it the eloctron transfer is
reasonably fas:. & minor alt<raiinsa 1a 1t showld ant affect the current
to 3 large devrecg.

The mest sivei, veacnn the peak cudrent increassas, when the MEIB is
initially added. is hacnust of aa alteration in toe diffusicon of the
chloride to the eleciricai douhbie layer. If the packing of the solvation
spheres arcurd che <hloride jons is altered. by the added bromide. the
chloride coul) diftuse to the donbi- layer faster. Faster diffusion (a
larger diffusicoy @ sefficient) will incrcase the current due tou Fick's
first law {equacrc- 15}, The largyer a diffusion coefficient, the faster
The smaller concentration

e

,
~
D
]
53
u

the concentrarion grad.ert will 3
gradicnt results in o smal. ez oblovide ilux, and thus current.

Addit.on o' Twe D ssiomilar Melts

Wnen MEIB is added to a cnloride malt, the anparent mole fraction of
the incrgaric species, decreases The change in the composition might
noticeably reaifest iLself iu th2 olectrochemistry of the system. A
second method of maxing a wixed chioride-bromide melt is to combine two
diffe-rent mel.s of thz same composition togeth=r ir varying proportions.
This metro? ipsures v..o« 2dve or tne compcsirtion of the resulting melt.

Exprrirertiiiv. w o 3oar Chleride and an N = (.430 bromide melt
were made, A terr . 1, any cre- o7 t4 jundicate the percentage of the
monchalide sgecle. whick ir chioz fe. An L = 1.0 indicates that all of
the mononal de svrcies s chlocide. An i = 0.0 melt contains only
bromice as the mcrohalide species.

Like the opure Hrewirde v<iem, any ixed melt with L « C.5 was liguid
only at slev.ted temperatures. Decauss ol this, ail of the experiments
performed o b mized weor Ssycuvem were ruan at 60° C, 1n order to
maintain ur-'~. 7 :nnditions ~“hro.guout the especiments. Figure 42 shows
the CV of several meits as ¢ funnct.eon ot L,

The s nf th: malt made by mixing two welts initially appear
fuand-mer oy different from thowe 2f the mixed system created by adding
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A)
aoaiose
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%2::<j;:7>\\~rflo A At%/ ' lo.260 ma

Figure 42. The C7s of an A) L = 1.0, B) L = 0.8, €) L = 0.6, D)
L =0.4, E) L =2 0.2, and F) L = 0.0 mixed melt. ’




as

MEID Coohte b gt v he tiawe 0t aixtures, only two
oxivcation . LUt e sl ensrents o woich remaia fairly
constant. , 5 b v et e s hoe lone for the ditferences
betueer - . Ts

oy cooae s ol oo oo o e adiel far o ve addition of two
di- Al A Irom S0 Y wn s - 0,56, £ven at thoe lowest
cor Coaced romtlie me'', rae colrs made from combining
br 0 B : Yte o have a mula Lizaes concentraticon of tromide
1.5 “has o cio. e 7 e s33ine METR to a ~hioride melt., The higher
Srotide o oamelat o Tt i Calase the waves for the oxidation of
the 7 ~od iy Samore i Tvocc Lo Sr, akine Lhem appear as a
sing oo T n oL g ’ suovizatitee owonla zlio deccease the
chlo - .- Soercc Ui b Lo ragy o of e eltorcide vy the reactita of
the ~ 4o o wid o, Lo heaatne Too MRy the oxtaatroa cf tne bromide,

Sozze o po st eamianatica Cov the differencts obser.ed boiween
the - v a7 v vk o o mocands r: the presence of proucess
equilitros foa vt Leeeids ot Thiearide corcormiations.  In a metnod
prop. .nd Ly Dr.o Ol v, Wu-unq7°, tiocen e cean that the {ree halides
pres- -t i the =i moliten sal™ system n-e jrn e«Thange with the halides
on th ot ahalaatamioos .

FOEEoT Lol ST SRR ARSI S TN VT oL foverer me.ts as a fuanction of L, for
a melt mada2 oy 0 oLtaiwg; a hiomyte o @ zhilor lae melst.. 1t has been

previouszly Loown gt *ho sroesved 'uoa basic melt is
[
that tncre are five difierent
X : mixed wmelt, corresponding to
AlCl,”., AIClaLr™. AiC.,br. 7, t:tlb:y”. and Alkr,”, with the tetrachloro-
alumirate shifte” ‘ha fartnest, nd he vetrabromoaluminate shifted the

the tetraralcal.aal e
tetrataloaiar tnas - s .90 L

least down ficid

Tvw tewmpiroture 3t whicsh The two 2speriments wa2re carried out
varied. VFig.re 44 shows the “TAL NMR spectra of an L = 0.500 melt at
various temrmratu-~s. At 30 °(C. the alum num species appear well
defined Indicating =:ther no, or very little, exchange is occurring, on
the NMR timescaie {from Figur- 44 it apgears the exchange at room
temperature is approximately 100 Hz}. Aa appreciable rate of exchange,
on the NMR timer-cale, begins c¢nly wihan the temperature is elevated.

The =xperim:ats where tne bromide was added to a chloride melt were
run ag coom tempsrature, while the experimants where the bromide and
chloride nelts were combined were yun after holding the temperature at 60
- 100 °C for ¢J hirs., This would argue thac the halides of the
experiments whec? the promide was adle@ to the chloridce melt had
undergone very liitnle exchn .- v, while the nglides of the experiments

whers “he colucide »nd o o - elts were cowbired probably underwent
exchange to aplation.

‘e achknrl expiauarl ron tir b - fferences observed for the two
methods »i mak:ing a meit apszare to 0 a combiniation of the two
explanatiors pr o .<~3 above Noi r:oly . cause the experirents, where

bromide Aad tinug were mads o o Ccaecrids nell, were run at lower
tempera L res. 3anc S“ras had very litvtle exchange (on the NMR timescale),
the lawz2- bre~ice concentratyor atl:zwed for the observation ¢t the
oxidatici ni o _slavide Lo wrichiloride as a distinct procecs. On the
other hand, the large nromide concentratior ano the equi'ibration of the
halide rompositio-, 'hrough the exch.inge mechanism, caused the oxidations
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Figure 43. The Al NMR of an A) L = 1.0, B) L 2 0.8, C) L =
0.6, D) L = 0.4, E) L = 0.2, and F) L = 0.0 mixed melt.
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of bromide to bromine and chloride to trichloride to merge together, and
to appear as one wave, for the experiments where the bromide and chloride
melts were combined.

Summary

Because of the exchange process, the composition of the mixed melt
system must be studied further. Although it was shown that exchange
occarred, it was not determined what the equilibrium distributions of the
products are. One of the driving factors for studying the molten salt
mixtures for use as electrolytes, is the ability of the molten salts to
withstand elevated temperatures. With the mixed melt system, it is
apparent that at elevated temperatures, exchange will occur. As a result
of the exchange process, free chloride will be present, which can
subsequently be oxidized to chlorine. This chlorine can then chlorinate
the imidazolium ring by the process described in Chapter 1. The
importance of this chlorination process must be investigated further.

If the resulting melt is not heated, there appears to be a distinct
difference between a melt made from combining a chloride and a bromide
melt from a melt made from adding bromide to a chloride melt. If, on the
other hand, the melt is to be used at an elevated temperature, or the
melt is to be warmed during the preparation, there is no difference
between the two methods of making the melt.
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APPENDIX 1

The mass balance equations of the chemical reaction are:

[Br~]) [Br~}' - [Br;~] (Aal)

i

[Brzl [Brzl. - [Bra-] (AZ)

where [Br~], [Br;~], and [Br,] are the equilibrium concentrations

of the species and (Br~]', and [Br,]' are the initial

concentrations. The equilibrium constant is given by the equation
[Br;~]

K = (A3)
[Br-] [Br,]

Substituting equation Al into equation A3 and rearranging gives:

(Br-]°
[Br—] = (A4)
(1 + K [Br,])

Similarly, equation A2 and equation A3 gives:

[Br,]®
(Br,] = (AS)
(1 + K [Br™])

Substituting equation A4 into equation AS and rearranging gives:
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K (Br-]% + (1 + K [Br,]' - K [Br-]') [Br-] - (Br=]' = 0  (A8)

Solving the quadratic for [Br~] and rearranging gives:

(Br™] = R{[Br~]'-[Br,]")-1

2K

[1+2K([Br "] +[Br,]")+K2([Br,] - (Br-1') 2%
R (A7)
2K

Substituting equation A7 into equation A5 gives:

[Brg,]’

[BIZ] =
1 + K([Br~j'-[Br,]")-1

2

[1+2K([Br=]'+[Br,]" )+K2([Br,] -[Br-]*)21%
. (A8)
2

Substituting equation A7 into equation Al and rearranging gives:

K([Br~1'-[Br,]')-1

(Br,~] = [Br-]' -
2K

[1+2K((Br=]"+[Br,]')+K2([Br,]'-[Br-1")2]%
+ (A9)
2K




